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FOREUQft!) 

From  time  to  timo  in  every  active  scientific  Held  »„C  endeavor  it 
is  profitable  to  make  4 searching  and  critical  re-examination  oi  its 
foundations*  iuoh  a critical  review  can  serve  meny  unM  purposes. 

There  is  little  doubt  that  the  field  of  shaped  charge  can  profit  greatly 
from  suoh  a reexamination. 

Me  can  enumerate  the  useful  purposes  which  a critical  review  of  the 
shapid  charge  field  can  hope  to  accomplish  at  this  time. 

(1)  It  oan  extract  from  the  welter  6t  raw  experimental  data  the 
reliable  design  bases  which  aro  needed  by  the  designer. 

(21)  It  can  indicate  the  areas  in  ifrich  reliable  design  bases  are 
lacking,  or  the  soundness  of  the  available  information  is  open  to 
question,  or  marred  by  inconsistencies,  fly  so  doing  it  can  stimulate 
research  people  to  investigate  those  areas  which  are  in  need  of  addi- 
tional effort.  The  benefit  to  the  designer  is  apparent. 

(3)  Since  the  contributors  are  selected  widely  from  among  tho®o- 
active  in  research  and  development,  it  can  provide  an  author!  tativ  and 
reasonably  complete'  picture  of  the  present  position,  otrer  i»  largu  uortisn 
of  the  entire  field,  f®  the  research  worker  who  la  occupied  with  teza 
general  aspects,  and  finds  it  difficult  to  weep  up  with  the  entire  rapidly 
advancing  frontier.  Who  among  us  can  fail  to  profit  in  thi®  respect? 

Perhaps  one  of  the  most  useful  contributions  which  * oxitioal  review 
can  is  to  point  out  the  "facts  of  life"  to  those  people  who  hp.7>‘ 
the  inprasjri.cn  that  meet  answers  to  moat  Questions  are  aval  liable  so.  fliers 
and  that  it's ainply  a matter  of  listing  and  indexing  eyi  Vwnntioally  every- 
thing that  lus  ever  been  dona  in  the  field.  It  is  perh»,  o instructive  to 
point  out  that  over  the  ye^rs,  tremendous  amounts  of  money  and  man  hours 
of  effort  have  been  invested  in  "horseless  carriages"  and  automotive  de- 
velopment, and  yet  today  itb  not  difficult  to  pose  practical  design 
questions  which  cannot  be  answered  except  by  carrying  out  an  addit*  .<aal 
set  experiments.  Even  then  thex*a  can  be  no  guarantee  of  a conclusive 
and  unique  answer.  The  investment  in  research  and  development  of  shaped 
charges,  although  large,  has  been  much  more  modest  both  in  money  and  man 
hoars  of  effor--  than  that  in  the  automotive  Held.  Comparatively,  it  is 
likely  that  we  ar®  still  in  the  "horseless  carriage**  stage.  It  is  there- 
fore quite  uareotonahla  for  the  designer  to  expect  to  find  all  the  rules 
laid  out  in  handbook  form.  The  field  is  advancing  too  rapidly  and  the 
rules  of  the  game  are  changing  too  quickly.  We  hope  that  the  critics! 
review  o&n  at  least  spell  out  the  rules  which  apply  today  and  which  axe 
lifcsly  to  oontirme  in  effect  because  they  are  firstly  based.  It  am  also 
provide  appropriate  warnings  in  the  less  firmly  established  areas,  and 
provide  a preview  of  things  to  come. 
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liver.  with  tills  modified  objecti'V'i,  it  will  become  apparent  that 
during  the  time  required  to  prepare  this  volume,  rapid  progress  is  being 
made  in  arete  already  covored  in  the  review  at;  well  as  in  new  areas  of 
interest  that  have  opened  up  since.  Among  the  areas  falling  into  tnese 
categories  are  those  of  wave  shaping,  'Uthality  measurement,  inetrumon- 
tation,  metallurgy  and  the  applications  of  solid  state  physics  to  the 
problems  of  jet  behavior.  It  should  be  apparent  that  this  state  of 
affairs  is  unavoidable  in  a field  as  active  as  thir..  The  only  hope  of 
looping  up,  lies  in  a planted,  short  and  long  term  coordination  program. 
Coordination  and  exchange  of  information  such  as  is  provided  by  the 
Ordnance  Corps  Shaped  Charts  Research  and  Development  Steering  and 
Coordinating  Committee  serve s aft  a quarterly  basis  for  short  term  co- 
ordination. Xn  this  connection  the  Shaped  Charge  Journal  sponsored  by 
tho  Qommit.es  and  publiahtd  on  a trial  basis  by  the  Ballistic  Research 
Laboratories  will  serve  to  dieseminate  the  now  information.  For  the 
long  tern  problem,  the  biennial  Symposia  have  bean  found  very  valuable* 
The?  transactions  of  the  Symposia  will  always  be  very  significant  source® 
of  information'  Tt  i s.  apparent,  however,  that  they  do  not  serve  the  same 
functions  as  u Critical  Review.  Current  thinking  is  therefore  in  terms 
of  ccotinuJxg  lc.  <uanoe  of  new  volumes  of  the  oritical  review  whose 
iroquanoy  would  be  determined  by  the  rate  of  progress  in  various  areas. 

It  Cu>n  definite 1;  S'  said  that  he  axperienoe  which  has  been  acquired 
during  the  preparation  of  this  first  volume  will  help  ease  the  tmrden 
of  the  organisation  of  any  later  volumes,  and  trill  also  help  assure  a 
much  more  prompt  publication  of  the  manuscripts.  Many  of  the  areas 
which  arc  treated  superficially  in  this  volume  jun  be  expected  to  undergo 
oritical  scrutiny  in  any  later  issues  of  the  Critioal  Review, 

Impressions  of  appreciation  are  due  to  all  of  the  contributors  to 
thin  f ret  volume  ,»f  the  Critieal  Review.  They  art  all  very  busy  people 
who,  with  praotl t'^Uy  no  oajolery  took  the  time  from  their  regular  tasks 
not  only  to  prepare  their  own  chapters  but  also  to  proof-read  and 
criticise  ell  the  other  chapters,  arid  to  modify  and  romodify  their  own 
chapters  in  aooardanee  with  the  criticism  of  the  other  contributors  and 
outside  or* Ups,  Although  this  procedure  delayed  the  completion  of  the 
final  draft  of  tfc„  Critioal  Review,  it  la  expected  that  iJho  resultant 
Improvement*  will  compensate  for  the  delay. 

Among  the  agttr.eies  whose  criticism  was  found  to  be  valuable,  m 
would  like  to  nenti  'n  the  Naval  Ordnance  Laboratory,  Pieatinny  Arsenal, 
and  th?  Office  Chi*>»'  of  Ordnance,  0,'iDTA ,•  Mr,  Mark  V,  Massey  and 
Dr.  1.  -U  Littleton  of  that  office,  wore  particularly  helpful  in  suggest- 
ing material  to  b«i  added  and  in  providing  sane  of  the  pertinent  infor- 
mation* 

We  are  gratfjfbl  to  Ds*.  Kherson  M,  Pugh  of  the  Carnegie  Institute  of 
Technology,  not  only  for  making  many  valuable  suggestions  and  criticisms 
but  for  the  introductory  chapter  and  historical  survey  based  on  his  inti- 
mate and  personal  participation  in  the  development  of  both  the  earliest 
as  well  as  the  very  recent  theoretical  foundations.  These  include  shaped 
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ohitrgB  jat  penetration  theory  a.c  well  as  non-staady  puate  collapse 
theory.  The  confirmation  of  his  very  early  inferences ^regarding  jet 
break-up  character! sties  by  the  flash  radiographs  taken  at  3RL  and 
Kerr  cell  photography  at  C.I.T.  are  tribute*  to  his  keen  perception* 

The  continuing  contributions  of  the  fine  group  at  the  Carnage 
Institute  of  Technology  are  evident  not  only  from  ths  frequent  references 
to  their  work  by  other  authors,  tut  also  froa  the  fact  that  C.I.T.  has 
provided  the  authors  for  three  of  the  ten  chapter a » 

We  are  indebted  also  to  Professor  Qarrett  Blrttioff  who  was  the 
first  one  in  this  country  to  work  out  the  classical  hydrodynamic 
theory  of  wedge  collapse  and  Jet  formation.  His  contributions  to  the 
recent  prog,  ess  in  the  shaped  charge  field  ***>  especially  noticeable 
in  the  area  of  the  theory  of  the  effects  of  rotation.  Professor 
Birkhoff's  continued  interest  end  advice  have  been  invaluable  in  the 
preparation  of, this  volume. 

Wo  would  alirc  like  to  express  our  appreciation  to  Dtr.  L.  H.  Thcaaa 
of  the  Vats  go  Scientific  Computing  Laboratories  who  collaborated  in  tfr» 
preparation  of  Chapter  H on  the  theory.  Computing  machines  will 
undoubtedly’  bo  essential  far  efiArteney  in  the  calculations  required 
for  the  extensions  of  the  theory  of  jet  f (nation  and  penetration. 

Or.  Thoaas  has  been  Instrumental  in  laying  out  the  plan  for  the  aeries 
of  theoretical  calculations  of  successively  Increasing  generality  and 
physical  complexity.  These  will  require  the  use  of  computing  sa  chi  use 
and  we  ar»  fortunate  bo  have  Dr.  Thomas's  advice  and  guidance • 

Although  this  first  volume  of  ths  Critical  Ha  view  did  not  readily 
provide  an  opportunity  for  participation  by  British  scientists  we  have 
not  forgotten  that  they  have  a very  illustrious  roster  of  oontrlbutorn 
to  the  present  state  of  knowledge.  81  f Osoffrey  Taylor  and  Dr.  Took 
were  of  course  responsible  for  ths  classical  hydrodyaamLu  winlgs  collapse 
theory  in  Croat  Bri  tain.  Thsy  did  this  independently  and  essentially 
simultaneously  with  the  work  of  Blrttioff  in  the  US.  In  addition 
Profeasor  Mott  and  Dtps.  Evans,  Hill,  Pack  and  Ubbelchds  ere  among  those 
who  have  made  substantial  contributions  to  this  field.  It  Is  definri  bely 
planned  to  incite  participation  by  both  British  and  Canadians  in  tho  next 
volume  of  the  Critical  Review. 

Tin*.'13y?  we  would  like  to  acknowledge  the  contributions  made  by 
Mr.  Irving  Usbenum  in  preparing  the  index  and  Appendices  on  foreign 
and  American  ammunition  performance  and  design  data;  Mr.  Kirafc>r  of  the 
Ordnance  Technical  Intelligence  Section  for  supplying  largo  aswunts  of 
data  for  Appendices.  Messrs.  J»  M.  Regan  and  J.  Simon  in  the  proof 
reading  of  the  final  text  and  the  Wuapon  Systems  Laboratory  far  the 
Material  on  tank  armor  in  Appendix  IV. 
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The  cooperation  of  many  other  people,,  too  muneroua  to  nano,  in  the 
preparation  of  the  material  for  publication  ie  also  gratefully  ac- 
knowledged. In  particular,  however,  the  work  done  in  this  connection 
by  Mr»  John  L,  Squier,  the  associate  editor,  warrants  special  attention 
Hie  supervision  of  the  final  manuscript  preparation  and  proof  reading 
as  well  as  his  attention  to  the  many  details  of  figure  preparation  and 
pagination  constitute  major  contributions  . to  the  value  of  this  volume* 


L.  ZERWOW 
Editor-In-Chief 
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CHAPTER  I 
BJ1BCSXJCTION 
Emerson  M.  Pugh 

Cflimeg^n  Institute  of  Technology 
Pittsburgh,  Pennsylvania 


Meed  fer  a Critic^  Review 

High  *jq>losive  chargee  with  lined  cavities  possess  the  property  of 
producing  deep  holes  in  targot  materials  against  which  they  are  exploded. 
This  remarkable  property  was  utilised  by  practically  all  of  the  belli- 

J treats  in  World  War  II  in  a number  of  different  weapons  and  demolition 
•vioeai  rocket  grenades,  rifle  (grenades,  hand  grenades,  reooilleee 
rifle  projectile*,  standard  antitank  gun  pro jeet ilea,  engineers  de- 
molition chargee,  cable  and  bean  cutting  devices,  site*  For  security 
reasons  this  olaes  of  high  explosive  oh  urges  was  'iaslguated  "Shaped 
Char  gas"  by  the  British  and  Ansrlcan  Amsd  Services  u 3h  spit*  of  the 
feet  that  this  designation  la  nieleading  it  ie  still  the  neat  ‘■‘tnwfUlT 
used  tens  for  theea  charges  with  lined  cavities*  another  tern,  *H1AT 
round"  (High  fcepiosive  Anti-Tank),  \rhloh  is  equally  slslewdl&f;,  alee 
Is  frequently  used  to  designate  rounds  that  employ  the  lined  cavity 
charge.  "HEAT  round"  ie  Milleading  because  it  suggests  that  the  jets 
frna  these  charges  "bum  their  way  through  the  amor  plate",  when  in 
fact,  the  process  of  penetration  does  net  Involve  any  oheaical  reaction 
and  the  teqperatures  of  theae  jets  have  practically  no  effect  upon  tide 
process. 

While  a wide  variety  of  weapons  and  demolition  dev  loan  were  awmu- 
factured  for  use  during  World  War  XI,  they  ware  not  oa  widely  used  as 
should  have  bean  expected  from  their  known  potentialities.  She  ra- 
cr&rloted  use  of  theca  device*  wa*  dua  parti;'  <o  lade  of  undara tending 
of  their  capabilities  and  partly  to  the  ahcrtceadnp  of  the  weapons  as 
Manufactured.  Lack  of  reliability  was  undoubtedly  one  of  the  chief 
reasons  for  their  lac);  of  popularity.  Their  poor  perfemanoe  when  they 
were  used  in  projectiles  shot  fron  rifled  guns  was  another  reason. 

Modem  research  and  development  has  been  pointing  tbs  way  to  the 
elimination  or  reduction  of  many  of  these  r rtoomingi  and  there  is 
svsey  reason  to  bellirra  that  such  more  progress  in  this  direction  is 
possible.  The  principles  involved  in  the  lined  cavity  charga  certainly 
offer  great  potentialities  for  the  leproveaant  of  conventional  weapons. 

If  the  wars  In  Korea  and  Indo-China  can  be  taken,  as  typical  of  what  nay 
be  expected  In  the  next  several  years,  conventional  weapons  will  be  of 
very  great  importance.  At  the  1953  symposia*  on  shaped  charges  at  the 
Aberdeen  Prering  Ground,  it  was  pointed  out  by  Col.  Ssl  Canpo  that, 
even  if  nuclear  weapons  are  used  in  an  all-out.  war,  conventional  weapons 
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should  still  play  a decisive  role,  3inee  they  may  bo  used  to  crowd  the 
enemy  until  ho  ia  vulnerable  to  attack  by  nuclear  weapons. 

The  importance  of  achieving  maximum  effectiveness  with  the  shaped 
charge  devices  makes  the  compilation  of  a critical  review  of  great 
importance.,  This  Critical  Review  is  designed  to  provide  up-to-date 
information  concerning  what  is  known  and  what  Is  not  known  about  these 
charges.  It  is  also  intended  to  stimulate  curiosity  and  motivate 
research.  It  is  hoped  that  the  references  supplied  will  bo  sufficient 
to  make  it  relatively  easy  for  the  research  worker  to  find  original 
papers  on  any-  part  of  the  subject  that  interests  hire.  For  this  purpose 
a brief  historical  review  of  the  development  of  the  iiubjeot  should  be 
valuable . 

Unllntd  Charges 

As  oarly  as  1792  it  was  known  that  when  an  oxplosive  was  placed 
in  oontaot  with  a barest  plate  and  exploded,  a deoper  hole  would  be 
made  in  the  target  if  the  oxplosive  oontalned  a cavity  in  oontaot  with 
the  target*  This  remarkable  fact  apparently  has  boon  forgotten  and 
rediscovered  several  tinea*  Although  knowledge  of  the  cavity  charge 
effect  Is  very  old,  the  fact  that  a much  greater  effect  could  pro- 
duced by  lining  the  cavity  with  a thin  natal  liner  was  not  reoognised 

until  tbs  1930‘s*.  This  new  seems  hard  to  understand  sines  liners  vers 
used  in  the  cavities  of  explosivs  charges  at  least  ao  early  as  1910. 

The  failure  to  reoognlso  the  Importance  of  the  liner  for  making  deep 
penetrations  must  have  been  due  to  two  facte j first,  the  liners  met  be 
voll  designed  and  well  fabricated  and  second,  the  charges  with  these 
lined  ot'vitiee  must  be  dotonatod  at  seme  distance  (standoff;  front  the 
target  to  exhibit  their  remarkablo  penetrating  power*  Though  chargee 
with  lined  cavities  require  standoff,  chargee  with  unlinsa  oavltiss 
produce  the  greatest  effect  when  they  are  detonated  in  di root  contact 
with  the  target.  A well  made  liner  plaoed  in  the  cavity  of  ths  charge 
and  fired  at  optimum  standoff,  e«  increase  the  depth  off  penetration 
produced  in  a given  target*  The  dir  rrery  of  the  effectiveness  of  the 
liner  was  pure!;,  accidental.  After  -.iis  dlscovory  several  years  elapsed 
before  a reasonable  explanation  of  ths  phenomenon  was  obtained* 


#The  Hermans  appear  to  have  recognised  the  importance  of  the  liner 
as  early  as  ■*.»  noted  in  wy  brief  history  asd,i';U'Uography  printed 
in  the  back  ef  1. . . >'*port  He.  337,  Hcv.  1951'* Ihe  information 
on  this  is  sketchy  and  was  not  available  until  after  World  War  32 • 

It  apparently' had  no  influence  on  developments  in  this  country  or 
England.  This  chapter  in  based  upon  my  rssent  studies  re-evaluatLig 
developments  in  ths  U.3.A. 
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Remarkably  well  designed  weapons  and  demolition  devices  vere  in 
Tsners.?*  use  for  sometime  before  an  explanation  of  the  effectiveness 
of  the  liner  was  obtained.  Tho  early  attempts  to  explain  the  action 
of  the  liner  failed  because  they  vere  attempts  to  show  hew  a quali- 
tative theory  that  had  been  devised  for  the  unlined  cavity  could  be 
modified  to  account  for  the  effect  produced  by  Producing  a liner* 
Success  cans  only  when  it  vac  recognised  that  the  process  of  pene- 
tration by  the  lined  cavity  charge  is  entirely  different*  from  that 
of  the  unlined  charge*  Since  the  two  processes  are  so  different  nc 
further  mention  will  be  made  of  the  unlirad  cavity  charges  except  to 
•how  how  they  did  load  to  the  accidental  discovery  of  fchw  effect  of 
the  lining.  The  earliest  liners  were  Introduced  only  to  support  or 
to  protect  the  charge  or  to  help  font  the  cavity  in  the  charge* 
Recognition  of  the  effectiveness  of  these  llnera  In  producing  pene- 
trations came  much  later. 

Burly  Uss  of  Liners 

Charles  X.  Munroo  In  1888  etsoked  dynamite  sticks  around  an 
empty  tin  can  and  blew  a hole  in  a safe  door.  According  to  ltanroo 
the  tin  can  served  only  to  hold  the  dynamite  in  place.  German  and 
United  Kingdom  patents  were  issued  to  the  WesifKlieh-Anhaltische 
Gprengntoff-Actien-Oesellsshaft  (mAGAQ)  «f  Harlin  for  hollow  charges 
to  be  used  for  blasting  operations  in  mines,  for  torpedoes  and  ex- 
plosive sheila.  The  Qerman  patent  application  waa  dated  ll»  Deo.  1910. 
‘Aw  United  Kingdom  patent.,  accepted  In  1912,  shows  a projectile  loaded 
with  high  explosive  having  a oonlonl  cavity  lined  with  thin  steel, 
brass,  or  nine.  It  is  clearly  stated,  however,  that  Uw  sole  purpose 
of  the  liner  Is  to  protect  end  support  the  explosive  while  It  la  being 
shot  out  of  s gun  with  high  velocity.  Paraffined  paper  liners  ere 
suggested  to  protect  the  explosive  from  moisture  when  It  is  to  be  used 
for  ales  bleating. 

Early  manufacturers  of  detonators  had  found  that  the  effect  of 
detonating  caps  is  hltfiest,  if  *ths  explosive  Is  ooqpreaaed  only  softly 
In  Its  part  does  to  the  point  of  ignition  and  comp  reseed  strongly  In 
Its  part  located  at  the  bottom  of  the  cap."  In  1921  M.  Andre a Schulse 
took  out  French  potent  Ho.  532,753  to  accompli  eh  this  result  cheaply  by 
forolng  a conically  shaped  tool  up  into  the  bottom  af  the  detonator  cap. 
The  tool  permanently  deformed  the  light  metal  casing,  which  surrounded 
the  explosive,  leaving  a conical  cavity  lined  with  the  thin  metal  of  the 
casing.  According  to  Schulue,  however,  the  sola  purpose  of  the  process 
war*  to  product  a highly  compressed  explosive  right  at  the  bottom  of  the 
cap  which  he  claimed  would  intake  it  a much  more  efficient  detonator. 


♦The  approximations  required  to  obtain  the  theory  for  lined  charges  are 
valid  for  a fairly  vide  range  of  liner  thicknesses  around  the  optimum 
thickness.  When  liners  are  made  thinner  and  thinner,  tho  process  changes 
rapidly  but  smoothly  to  that  of  the  unlinfcd  cavity* 
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Thus  Schulze  inadvertently  produced  an  explosive  charge  with  a metal- 
lined  conical  cavity.  Since  the  efficiency  of  detonators  was  being 
determined  at  this  time  by  the  depth  of  the  hole  they  could  produce  in 
a lead  plate,  It  is  not  surprising  that  these  detonators  performed  well 
in  tests.  At  almost  the  same  time,  Wilhelm  Eschbach  obtained  German 
patent  No*  172,93Jfc  (Dec.  1921)  for  making  detonators  by  a technique  that 
was  almost  identicjO.  with  that  of  Sejhul.ee*  Eschbaoh’e  primary  purpose 
was,  like  that  of  iSphulse,  to  c empress  the  explosive  in  the  bottom  of 
the  cup.  However,  Ssehbaeh  did  recognise  that  the  cavity  might  provide 
added  effectiveness  He  said  nothing  about  the  fact  that  his  cavities 
were  lined  with  thin  metal* 

The  first  to  recognise  the  importance  of  liners  in  +he  cavi+  Los  of 
these  charges  seems  to  hmn  been  R*  W«  Wood  (l1)*  A young  woman  :nd  onensd 
the  door  of  tho  coal  .furnace  in  her  home  and  had  been  k.Jled  by  a a- /til 
capper  pellet  that  severed  an  artery.  As  technical  expert  in  the  en- 
suing law  case  Wood  demonstrated  that  identical  copper  pellets  were 
formed  and  projected  at  very  high  velocity  by  detonators  having  cavities 
lined  with  thin  sheet  copper*  The  cavities  in  the  detonators  used  by 
Wood  v«bpm  eo  shallow  that  the  liner  remained  intact » that  is,  there  was 
no  separation  into  Jat  and  slug  as  is  observed  with  smaller  angle  oones* 

Thus  Weed  performed  the  first  experiments  on  the  effeot  that  was  later 
o ailed  tiie  Missnay-Schurdln  effect* 

During  the  period  lShO-li?*  a number  of  patents  ware  applied  for  on 
projectiles  which  used  lined-cavity  charge*.  The  elaine  in  those  patents 
all  show  that  the  inventors  erroneously  expected  the  liner  to  form  a 
single  high-speed  projectile,  like  tut  studied  by  Wood.  Hie  first  of 
these  appears  to  be  French  patent  No.  113,685'  (applied  for  on  27  Nov.  19i£), 
issued  to  Barthold  Mohaupt,  Henry  Mdhaupt  and  Erich  Kauders,  which  was 
■•signed  by  th«m  to  the  Satwb  Society  of  awit norland.  The  first  American 
patont,  which  wau  Issued  to  -T.  Cf  Or  ay,  W,  g,  Thibodeau,  J.  H.  Church  and 
Q.  J.  Kessenrtch,  was  applied  for  on  10  March  191*1*  Henry  Mohaupt  came 
to  America  and  was  responsible  for  arousing  the  irtorest  of  the  U,  S» 

Army  Ordnance  Department  in  the  principle.  He  applied  for  his  U,  S*  patent 
No*  2,1*19, l*li*  on  3 Oct*  I9lil,  and  sold  it  to  the  U«S.  Army* 

Once  recognized,  tho  principle  was  incoiporated  with  amazing  rapidity 
into  many  practical  device* , Most  of  this  development  work  in  the  United 
States  was  done  by  Amy  engineers  in  cooperation  with  engineers  and 
scientists  from  private  oeppanioe.  Patonts  No,  2, .(<27, 98?  (for  the  M9  rifle 
grenade  «nd  KIO  machine  jjun  grenade)  and  No.  2. 1*13.62;;  (for  the  M 66  and 
M67  howitzer  projectiles ) were  issued  to  <1,  w.  Blaekington  and  J.  J,  Calhcun, 
ftidd  Company  engineer's*  Dates  of  application  were  19  Aug,  191*2  and  21 
Nov.  191*2  respectively.  Patent  No.  2,1*66,752  (for  the  M6  Bazooka*)  was 
issued  to  Lieut.,  E,  0.  Uhl  and  1*.  Col.  Leslie  A.  Skinner,  of  the  U.  S„ 

Army  Ordnance  Department . The  -i,  • * *hia  application  was  22  Sapt.  191*3. 


wnjwai— wnaK.iii:  »•  — ■ i * . 

♦The  M10  shaped  charge  head  was  used  in  the  Bazooka. 
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Thsao  patents  were  each  assigned  to  the  United  States  government  without 
cost.  Each  of  the  weapons  was  in  production  before  or  shortly  after  the 
data  of  the  corresponding  patent  application.  According  to  Col.  C, 

H.  M.  Roberts,  thp  N?A1  rifle  grenade  was  developed  before  and  the  $6 
Bazooka  was  developed  just  wfter  he  joined  the  Office  of  the  Chief  of 
finance  in  March  X9ii2.  The  ^nades  and  howitzer  projectiles  were  in 
iuaatity  production  b7  this  da to. 

The  demolition  charges,  including  the  H3  with  a 9.5  in.  dim . steel 
uoim  and  the  M2A3  with  a 6.5  in.  diam.  glass  c« »«,  ware  developed  between 
19l*2  and  191*3*  Ur*  C.  0.  Davis,  working  for  DuPont  on  an  Ordnance  con- 
tract, provided  much  of  the  design  information  needed  for  these  develop- 
ments, He  and  his  assistants,  starting  work  in  Sept.  19iiD,  provided 
rules  for  optimum  liner  angles,  liner  thicknesses  and  charge  diameters. 

Evjy  also  provided  empirical  sealing  laws  ti.iat  Garret  Birkhoff  later 
showed  to  be  theoretically  sound.  Coming  Glass  Co*  developed  the  glass 
cons  to  take  the  place  of  steel  ooacs,  since  there  was  then  a critical 
shortage  of  steel.  Work  similar  to  that  done  at  DuPont  was  also  being 
done  by  W.  N.  Evans  and  A.  ft.  Obbelhode  working  for  the  British  Ministry 
of  Supply.  They  appear  to  have  been  the  first  to  recognise  that  the 
holes  were  formed  by  sene  kind  of  jet  aid  that  the  slug,  which  could  be 
recovered,  played  no  part  In  the  penetration.  They  alsv  developed  photo- 
graphic methods  for  determining  the  character  of  the  jet  and  for  deter- 
mining Its  veloolty. 

Coordination  and  Expansion  of  P.  S.  Research 

J«  B Conant  of  Harvard  inspired  the  organisation  of  the  Explosives 
Research  Laboratory  (ERL)  which  operated  art  the  grounds  of  the  U,  S. 

Aireau  of  Mines  at  Bruoeton  under  an  H*D.R.C.  contract  with  the  Carnegie 
Institute  of  Technology  with  V.  H.  Jones  as  supervisor. 

The  shaped  charge  studies  at  IRL  were  started  in  Sept.  191*1  under 
the  direct  supervision  of  D,  P.  MacDougall.  0.  B.  Kistiakowtky,  who  was 
stationed  at  Bruoeton  as  head  of  Div.  S of  N.S.R.C.,  also  participated 
actively  in  the  work.  These  two  visited  Evans  and  Ubbelhode  in  191*1  «nd 
brought  back  many  useful  ideas  for  research. 

MacDougall* a experiments,,  started  in  191*1,  vers  beautifully  designed 
to  find  many  of  the  answers.  By  shooting  into  steel  target  plates 
through  predrllled  holes  in  the  first  plate  he  demonstrated  that  the  jet 
has  a much  smaller  diameter  than  the  hole  it  produces.  He  collected 
steel  jets  and  found  they  consisted  of  small  steel  fragments  that  obviously 
had  not  been  melted  in  the  process.  With  a rotating  drum  earnera  he 
demonstrated  the  existence  of  gradients  of  velocity  within  the  jets. 

The  Ballistic  Research:  Laboratories  were  busily  engaged  on  high 
priority  Ordnance  problems.  Dr.  J,  C,  Clark,  who  had  been  doing  X-Ray 
research  at  Michigan  State  and  had  been  commissioned  as  an  Amy  Captain, 
was  brought  In  to  develop  the  new  flash  radiography  of  Slack  and  Ehrke  (3) 
to  aid  the  study  of  these  problems. 
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Because  of  ths  secrecy  restrictions  and  the  lack  of  an  effective 
system  of  liaison,  the  various  laboratories  worked  almost  independently 
until  January  of  191*3.  Each  laboratory  had  its  own  theory  which  seemed 
te  explain  its  own  experiments.  To  remedy  this  lack  of  coordination,  a 
joint  Amy,  Navy,  N*D.R.C,  Committee  on  Shaped  Charges  was  set  up.  The 
committee  consisted  of  Col*  C,  H.  M.  Roberts,  chairman  for  the  Army) 

Lieut.  Commander  B,  H,  Ohl  (later  replaced  by  Conmander  StepMu  Mrunauer) 
for  the  Navy;  and  Dr.  0.  B.  Kistiakcwaky  (later  replaced  by  Dr.  2.P. 
Kr'iDougall)  for  the  N.DJR.C.  This  committee  performed  threa  wry 
important  functions; 

1.  They  organised  a system  for  distributing  reports  within 
the  security  regulations.  This  system  included  exchange 
of  reports  with  Great  Britain. 

2.  They  organised  symposia  that  were  attandsd  by  representa- 
tives from  each  groups 

3.  They  persuaded  the  N.D.R.C.  to  place  new  contracts  for 
research  in  areas  that  were  not  being  covered  adequately. 

The  Gulf  Research  Laboratory  at  Harmarvllle,  Pa.  was  awarded 
a contract  under  Dr.  Morris  Muskat  to  develop  a "follow -through* 

projectile* 

The  Carnegie  Institute  of  Technology  vaa  awarded  a contract 
to  develop  methods  of  defeating  shaped  charge  weapons.  Originally 
the  theoretical  part  of  this  defense  contract  was  under  Dre.  Frederick 
Salts  and  Otto  Stern  while  the  experimental  part  was  under  Dr.  Turner  L,  Smith 
end  the  author.  Shortly,  however,  the  first  three  moved  to  other  projects 
leaving  the  author  and  a fow  graduate  students  to  carry  on  the  work* 

The  new  system  for  distributing  reports  was  an  enormous  improvement, 
but  even  so,  the  coverage  vaa  necessarily  spotty  and  there  were  long 
delay#.  The  N.D.R.C.  aet  up  a;  service  library  of  all  classified  reports 
at  Princeton.  In  19U3  tills  contained  mostly  British  reports  but  became 
■ore  complete,  especially  in  American  report*,  by  the  end  of  19Ui. 

The  improved  liaison  and  distribution  of  reports  was  certainly 
responsible  for  the  rapid  development,  of  the  theories  in  this  country 
and  in  England,  The  fact  that  the  distribution  was  n cessarily  slow  and 
spotty,  oausod  reucL  of  the  work  to  be  done  independently  in  the  two 
countries  and  makes  it  very  difficult  to  plot  the  logical  historical 
development  of  the  theory*  In  view  of  these  facts,  this  history  will  be 
limited  primarily  to  the  development  of  the  theosy  in  this  country,  but 
will  show  how  it  was  influenced  by  British  developments* 

Influence  of  Foreign  Developments 

Shortly  after  hostilities  ended  in  Europe,  groups  of  scientists 
and  engineers  from  England  and  the  United  States  visited  laboratories 
and  factories  in  France  and  Germany.  They  brought  back  reports  shewing 
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that  active  research  on  lined  cavity  charges  had  been  going  on  in  both 
o cun tries  which  arrived  at  conclusions  that  were  qualitatively  very  much 
like  ours*  However,  the  author  has  found  no  evidence  that  individuals 
or  grows  working  in  those  or  any  other  cam  trie  a hove  achieved  mathe- 
matical formulations  of  the  phenomena  that  were  nearly  as  satisfactory 
as  those  achieved  by  ilia  cooperative  efforts  of  the  United  States  and 
Great  Britain*  Sine*  secrecy  prevented  the  scientific  work  of  countries 
other  than  Great  Britain  from  influencing  our  developments,  here,  it 
would  be  meaningless  to  attempt  to  connect  their  work  historically  with 
ours. 

BMSP^sajlJbaggl  QtemJfeffigteL JaiSlfl 

Uuaoe  oanplete  objactivity  in  relating  historical  developments  is 
vary  difficult,  it  seen s best  to  abandon  the  conventional  third-person 
and  pursue  a more  personal  approach*  I win,  therefore  proceed  to 
sketch  the  development  of  Hie  theory  in  this  country  from  the  point  tf 
view  of  an  observer  and  an  satire  participant  in  the  process. 

the  BBL  group  freely  discussed  their  work  with  the  group  si  the 
Qolf  Rooetrch  Laboratory  and  with  our  group,  she  were  working  sa  the 
Carnegie  Institute  of  ttech&ologr  cup  us*  this  vac  a great  help  to  both 
sjswd ps.  The  field  was  entirely  new  to  all  of  the  personnel  In  these 

V<>UPS* 

By  March  l$i3  Mao’Jougall  (U)  had  obtained,  from  nonentna  cone  id  > 
orations,  the  elation  - U)  ■ plr  relating  the  velocity  of 

penetration  of  tbs  jet,  0,  into  a target  of  density,  p,  to  the  density, 

Py  and  Hie  velocity,  f y of  the  Jst.  From  this  he  predicted  that  the 

ratio  Vj/J  should  increase  v.orotoniaally  with  p*  His  data* , taken  from 

drum  cmasra  records  of  jets  passing  through  target  plates,  sho'imd  this 
behavior* 

In  seeking  a principle  to  guide  ay  search  for  methods  of  defense, 

I noticed  that  MaoDougall  hod  correctly  assured  the  mass  of  jet  hitting 
the  target  per  second  to  bo  proportional  to  PjtVj  “ &)»  hut  in  calculat- 
ing the  rate  of  mowsutun  transfer,  had  multiplied  this  by  T.  ttrmtead  of 
(V*  •»  U)«  Correcting  this  gro  the  now  veil  known  equation  Pj (V^  - U)  ■ 

pH2*  I multiplied  the  left-hand  side  of  this  equation  by  the  factor 
&/Aj > 1 to  account  for  the  fact  that  due  to  the  lack  of  perfect  symmetry 

in  the  charges  add  their  liners,  as  manufactured,  tho  effective  area  A 
on  which  the  jet  impinged  must  b«  greater  than  the  ideal  jat  cross  section 
Ay  This  corrected  relation  then  predicted  a straight  line  plot  for 

T”l'ttv9  original  versus  p is  found  in  the  5RL  monthly 

intisidm  reports  CF-9  (May  1$,  19U3 ) • 
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MacDou gall's  7^/tl  data  if  plotted  against  |/3T  In  replotting  MacDougall* 

points  in  this  manner,  I found  that  they  fen  on  a good  straight  line. 

To  malice  sure  that  this  was  nub  just  accidental  I analysed  all  that  I 
could  find  of  the  relevant*  ERL  data  from  which  ?^,Al  could  be  computed* 

Ihe  resulting  averages  plotted  against  /p  again  fell  on  a good  straight 
line  through  the  predicted  intercept  unity.  Furthermore,  it  appeared 
that,  if  sufficient  data  were  available,  the  maximum  and  the  minimum 
values  of  Vj/\J  would  each  fall  on  different  straight  lines  through  the 

intercept  unity.  The  lines  through  the  maximum  values  corresponded  to 
the  charges  with  poor  symmetry  and  therefore  with  large  values  for 
k/ky  while  the  lines  through  the  minimum  and  average  values  corres- 
ponded to  the  minimum  and  average  values  of  A/Aj  respectively*  With  this 

fact  settled  to  my  satisfaction,  1 started  applying  the  theoretical  pre- 
dictions to  all  of  the  other  data  which  had  up  to  then  appeared  so 
mysterious.  T.  L.  Smith  end  I had  fastened  steel  target  plates  to  a 
ballistic  pendulum  and  had  observed  the  total  mcmentuma  of  jets  whose 
penetration  was  also  recorded.  The  faot  that  there  was  absolutely  no 
correlation  between  the  depth  of  penetration  and  the  total  momentum  of 
the  jet  producing  it  had  been  disturbing.  However,  this  new  velocity 
equation  made  it  possible  tc  explain  the  apparent  atwsur'.’y,  -,a  into  grat- 
ing / 0 dt  to  find  the  total  penetration,  I was  amaied  to  find  that  all 
velocities  cancelled  out  and  left  the  total  penetration  dependent  only 
on  jet  and  target  densities,  the  ratio  of  areas  Aj/A  and  the  jet  length. 

Since  depths  of  penetration  did  not  depend  on  velocities  they  should  not 
oorrelate  with  Jet  momentums.  Th/a  places  to  a big  Jig-unvr  put  tie  seemed 
to  be  fitting  together.  The  faot  that  penetration  depended  on  jet 
length,  and  In  faot  was  proportional  to  it,  now  provided  a ready  explana- 
tion for  the  mysterious  fact  that  penetration  increased  with  standoff, 
for  MaoDougall  had  shown  that  the  Jets  lengthened  as  they  traveled.  Hie 
drum  camera  measurements  had  shown  a gradient  in  velocity  within  the 
jeta. 


(Halitatively  this  explanation  wae  fine,  but  my  first  attarapt  to 
account  numerically  for  the  penetration  versus  standoff  curve  felled 
because  the  observed  penetration  Increased  too  fast  with  standoff  to  be 
accounted  for  on  the  basis  of  a mars  lengthening  of  a particle  jet. 

To  account  for  the  observed  rapid  rise  in  penetration,  I found  it 
necessary  to  presume  t.M4  l, Is  average  density  of  the  jet  remained  con- 
stant during  the  early  part  of  its  elongation.  In  other  words  it 


* The  equation  predicted  that  V/.  snould  be  linear  with  \/pt  only  if 

p^Aj/A  remained  constant  during  perforation  of  the  target  plates. 

For  this  reacon  only  the  data  that  was  taken  with  target  plates  near 
the  optimum  standoff  were  considered . This  data  was  scattered 

through  the  ERL  interim  reports  (£). 
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remained  continuous  and  lengthened  by  ductile  drawing  of  the  liner 
material?  Since  the  jet  particles  collected  by  Mari) o»» gall  i|  group 
were  fln'j  sharp  edged  particles,  I presumed  that  break-up  of  lie  jet 
took  place  after  the  elongation  had  proceeded  to  a point  determined 
by  the  ductility  of  the  liner . This  accounted  foK  the  slower  rise  in 
penetration  beyond  a certain  standoff,  for  the  rate  of  increase  of 
penetrati.cn  with  standoff  should  decrease  wh«r.  the  jet  is  broken  into 
particles.  New  I could  understand  why  the  per  jtration  produced  by 

copper  and  aluminum  liners  continued  to  ^increase  up  to  relatively 
large  standoffs,  sines  these  metals  are  much  re  ductile  than  steel* 

1 attributed  the  drop  in  penetration  beyond  the  optimum  standoff  to 
A/A j increasing  as  the  square  of  the  standoff*  With  perfectly 

symmetrical  charges  and  liners  A/A.  « 1 and  the  penetration  should 

not  drqp  off  with  standoff*  fhe  occasional  shot  that  gave  a large 
penetration  at  large  standoff  was  presumed  to  be  evidence  for  this 
paint  of  view*  Further  proof  was  found  in  the  fact  that  approximately 
the  same  average  A/A  ^ and  the  same  variation  in  A/Aj  ware  obtained 

from  both  the  P versus  8 curve  and  the  V^/tJ  versus  tfT  curve* 

These  steady  and  non-a toady  theories  of  jet  penetration  together 
with  the  experimental  corewlatioa#  were  reported  (?)  in  June  mU. 

Tim  weeks  later  I received  a oopy  of  a British  papar  (8)  that  treated 
the  penetration  by  a steady  state  jet*  Xt  contained  the  sane  fore  of 
velocity  equation  and  'the  §as»»  fore  of  penetration  equation  as  X had 
obtained*  This  papar  by  Rill,  Mott  and  Pack  differentiated  between 
fluid  and  particla  type  jets,  for  which  they  obtained  different  pro- 
portionality constants.  These  different  proportionality  constants 
were  supposed  to  account  for  the  observed  differences  in  penetrations 
that  wore  obtained  with  liners  of  different  Materials.  However, 
penetrations  do  not  correlate  with  nsltir.g  points  of  llnore  in  the 
Manner  required  by  their  theory*  The  paper  did  not  dioouss  standoff 
effects*  X realised  (?)  that  if  fluid  and  particle  jets  should  be 
treated  with  different  proportionality  constants  as  proposed  in  this 
Hill.  Mott,  and  Paok  paper,  my  theory  should  be  modified,  because  the 
continuous  jet*  with  negligible  strength  should  be  treated  like  fluids 

until  they  break  up  into  particles.  This  modification  which  consisted 
of  introducing  into  my  velocity  equation  a proportionality  constant,  X, 
proved  to  bo  unimportant  for  it  did  not  affect  any  of  the  correlations 
that  had  been  obl&alned  with  experimental  data.  It  tmly  affected  the 


— - ■■■  ■ — — — i— — /*-% 

* Convincing  proof  of  this  io  now  found  in  radiographs.  ' 

**  L.  Zerncw  hats  recently  shown  good  charges  give  good  penetrations 
at  very  long  standoff . 

♦me  Recent  considerations  make  it  appear  that  this  modification  was 
undesirable,  because  the  model  used  by  R,  Hill,  N.  L.  Mott  and 
D.  C,  rack  to  represent*  the  particle  jet  was  unrealistic. 
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estimate  ns  to  how  dose  to  thf?  original  position  of  the  linur  bass  tha 
Jots  broke  into  particles. 

It  was  gratifying  thff.t  the  theory  accounted  for  the  well  known  fact 
that  depths  of  penetration  into  *mor  were  almost  as  great  as  in  mild 
Rbe'V*  *!-♦»  tha  penetration  b-:  * given  charge  should  depend  only  on  the 
_„ii»ity.  However,  the  1‘a.ot  that  penetrations  into  armor  were 
somewhat  leas  than  into  mild  steal  showed  that  some  modification  based 
upon  target  strength  should  be  introduced  into  the  theory.  Some  shots 
Into  lead  cylinders,  shearing  much  deeper  total  penetrations  than  were 
pred.'  ctod  by  the  theory,  had  dearly  dsnonstrated  the  need  for  such  a 
modification. 

HacDougsll  early  recognised  (Li)  that  penetrations  by  the  front  of 
the  Jet  depended  largely  upon  the  target  density  while  total  penetra- 
tions depended  on  target  strength.  He  presumed  that  the  additional 
penetration  Into  soft  targets  was  due  to  residual  racnentun*  continuing 
to  open  the  hols  after  the  last  fast  Jet  particle  had  struck. 
Kiehelberger  demonstrated  (10)  that  Idle  rear  of  the  Jet  was  responsible 
for  the  deep  penetrations  observed  In  lend.  By  plaoing  armor  plate 
(1/2  in.  thlok)  at  various  depths  In  a ataok  of  lead  plates,  he  found 
that  a very  email  total  penetration  was  obtained  when  the  arwo?  was  in 
the  proper  position  to  atop  the  rear  of  the  Jet.  In  op  first  paper  (7) 

I included  a crude  empirical  attempt,  baaed  upon  HaoDougall's  assump- 
tion, to  take  aooeunt  of  the  target  strength. 

the  difficulty  in  accounting  for  the  strength  of  tha  target  could 
be  avoided  by  using  a standard  target  material  to  ubsorb  the  rear  of 
the  Jet  after  the  front  of  the  Jet  had  been  absorbed  by  any  target 
material  that  waa  being  tasted.  Tout  in  searching  for  target  materials 
useful  for  defense,  I employed  standardised  mild  steel  targst  plates  to 
measure  tha  residual  penetration.  The  use  of  the  residual  penetration 
as  a means  of  tasting  materials  made  it  possible  for  mo  to  develop  with 
I.  L.  Fireman  (ll),  a "residual  penetration  theory"  which  should  be 
praotloaUy  independent  of  target  strength.  Actually  this  "residual 
penetration  theory"  and  the  velocity  deviation  mpplied  to  the  front  of 
the  Jet  tm  th»  only  ones  that  should  be  called  "density  lavs,"  sine# 
they  are  the  only  ones  that  have  succeeded  in  predicting  results  with 
many  materials. 


•B2!s  point  of  view  was  retained  by  the  author  until  Eichelberger 
pointed  out  that  the  low  velocity  tail-end  of  tb»  Jet  was  responsible 
far  the  added  penetrations  observed  in  1 ow  strength  targets. 
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tfeizu?  the  residual  penetration  technique  with  more  than  a hundred 
different  materials,  Eichelborgev  showed  that  practically  all  of  then 
followed  the  theory  to  within  the  accuracy  of  his  experiments.  Accord- 
ing to  this  theory,  the  thickness  of  target,  t,  required  to  absorb  a 
given  length  of  Jet  i#  proportional  to  l/.j/p,  while  the  weight  of  the 
protective  material  is  proportional  to  pt.  Thus  the  weight  required 
for  protection  ia  proportional  to  p(l/  /p)  »y‘p  and  materials  with  low 
density  pravidu  protection  with  the  least  weight*  This  is  the  reason 
that  we  very  early  proposed  the  use  of  aluminas  armor.  Of  course, 
with  very  low  densities  the  thickness  required  is  very  great  and  the 
weight  of  the  devices  for  fastening  the  material  greatly  reduce  this 
advantage. 

Xh  cooperation  vita  P.  B,  Smith  of  ths  Flintkote  Company,  a 
mixture  of  gtwal  and  pitch  mastic  called  HCE  (hollow  charge  resisting) 
was  developed.  It  had  a low  density  and  provided  somewhat  better  pro- 
tection than  was  predicted  by  the  residual  penetration  theory.  Pro- 
tective panels  of  HGR  were  built  for  tanks  and  tasted,  but  the  war 
ended  before  final  tests  were  completed* 

In  19W  B.  Halna-Oeldem  showed  (12)  that  glass  affords  much  better 
protection  than  the  density  law  prediets.  He  then  showed  that  this 
accounted  for  the  stopping  power  of  HGR  whose  gravel  was  mostly  quartcite. 
Helne-Quldem  has  explained  the  stopping  power  of  glass  by  the  faot  that 
in  addition  to  being  very  hard  so  that  tha  Jet  makes  only  a mall  diameter 
hole,  it  bounces  book  and  disrupts  the  Jet  that  ia  passing  through  this 
■sail  hole.  (13) 

Jet  Formation 

Historically,  a fair  qualitative  picture  of  th"  process  of  Jat 
penetration  had  been  obtained  by  MaoDougall  (U)  before  anyone  had 
obtained  any  reasonable  model  for  the  process  of  Jet  formation.  Both 
the  Hl'Ll -Mott-Pack  and  isy  penetration  relations  were  developed  from 
the  MauDougsJl  model. 


*L.  Zernow  and  J.  Rimon  of  the  ERL  have  verified  the  secondary 
interference  with  and  the  disruption  of  title  Jet,  on  passing 
through  glass,  by  means  of  their  very  high  quality  flash  radiographs. 
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I look  back  on  the  Shaped  Charge  Symposium  held  at  1?03  Thirty- 
Second  St,,  Washington,  D.  C.  on  March  2?,  19U3,  where  I was  first 
introduced  to  this  subject,  as  tho  Most  interesting  symposium  I have 
attended.  The  list*  of  individuals  who  attended  that  meeting  assured 
that  it  could  not  be  dull.  Seeger  presented  von  Neumann’s  theory  of 
interacting  shock  waves  as  an  explanation  of  the  unlinod  cavity  effect, 
MacDougall  presented  the  ERL  theory  of  jet  formation  with  lined  cavities, 
which  was  based  on  von  Neumann's  theory  for  unlined  cavities.  Ho  also 
presented  his  model  for  jet  penetration  which  I have  discussed.  The 
early  British  view  of  penetration  was  not  presented  because  no  one  was 
there  to  sponsor  it,  W.  K,  Lawson  prosented  the  DuPont  theory  of  jet 
formation. 

*'tfie  minutes  of  this  meeting  list  the  names  of  the  following  persons  as 
being  present. 

Joint  Committee  on  Shaped  Charges: 

Lt.  Col.  C„H,M.  Roberts,  Chairman,  Office  of  Chief  of  Army  Ordnance. 

Lt.  L.  N.  Ohl,  Bureau  of  Naval  Ordnance 

Q.  B,  Klstlakowaky,  National  Defense  Research  Committee 

Office,  Chief  of  Ordnance  (Army): 

Mark  P.  Massey 

Navy  Bureau  of  Ordnance: 

R.  J.  Seeger 
W.  £.  Land 

National  Defense  Research  Committee t 
D.  P.  MacDougall 
J.  G,  Kirkwood 

Johns  Hopkins  University: 

R.  W.  Wood 


New  fork  Uniwnity: 

R,  Courant 

Ballistic  Re ue arch  Laboratories,  Aberdeen  Proving  Ground: 


0.  Veblen 
J.  H,  Fra«er 
liana  Levy 

Mftrtin  Scnwarr.6 child 
ft.  K.  Kent 

Development  and  Proof  Services,  Aberdeen  Proving  Ground: 
C.  E.  Hawk 

E.  I.  DuPont  deNemoura  and  Co: 

C«  0.  Davie 
W.  E,  Lawson 
Leslie  B.  Seely,  Jr. 

Melvin  A,  Cook 


| Pieatinny  Arsenal : 

I J.  W,  Givens 

s Gulf  Research: 

| Morris  Muekat 

1 F.  W.  Parker 
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Both  of  the  theories  of  jet  formation  were  ingenious  and  appeared 
to  explain  many  of  the  experiments!  results.  Ell.  esperisaats  favored 
the  KRL  theory,  DuPont  experiments  favored  the  DuPont  theory*  The 
dlouasioti  became  very  heated.  At  one  point,  a member  o f the  group  said 
to  KletlaloowslQr,  "Then  you  do  not  believe  In  experimental  evidence," 
to  which  he  quickly  and  emphatically  rejoined,  "7ee  I do,  when  properly 
Interpreted."  The  rejoinder  was  a classic  that  could  not  be  forgotten. 

A few  weeks  later  I was  fortunate  to  be  visiting  J.#C„  Clark  at 
B.  R.  L.  whan  he  obtained  hie  first  good  radiograph  (11*)  of  a collaps- 
ing liner,  tb  had  just  been  carrying  on  a lively  discussion  of  the 
merits  of  the  two  theories  and  had  favored  opposite  aides  of  the  question. 
Ifeon  the  negative  oane  out  of  his  dark  room  still  wet*  he  hold  it  up  to 
the  light.  Ws  looked  long  and  hard  and  simaltnn^jusly  agreed,  "They  are 
both  wrong." 

Birkhefff  visited  Clark  a week  or  so  later  and  after  looking  at  the 
radiographs  is  said  to  hsva  written  down  his  hydrodynamics  theory  (15) 
on  the  spot,  lb  ok  In  England  obtained  rediogriphs  mueh  like  Clark's, 
which  prompted  Sir  Oeoffrey  Taylor  (16)  to  formulate  a hydrodynamic 

ISoGSoC  seSnSSuSTTras  pmoe^isg  pags. . 

Games ie  Institute  of  Tsohnolofyi 
Bmerson  M,  Ihgh 
Trader ink  Belts 

Ixplosivaa  Research  Laboratory* 

N.  A.  Paul 
Bngwne  H.  Eystor 
Oeorgs  H.  Msseerly 

At  the  Jbne  30  meeting,  this  same  group  were  In  attendance  end  the 
following  names  were  (sided  to  the  list  of  those  present, 

J.  I.  Mayer 

Capt«  J,  C.  Clark 
Lo  R.  Littleton 
J.  von  Keumann 
Col.  S.  8.  Smith 
M.  T.  Roy 
V.  Kehl 
I.  B.  Wilson 
Otto  Stern 


* These  radiographs  were  obtained  on  a cooperative  program  between 
DuPont  (Eh*.  L.  B.  Seeley)  and  HRL  (Dr,  J.  C.  Clark), 
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theory  almost  identical  with  Birkhoff ’s.  The  two  reports  bear  dates  less 
than  a month  apart 

Taylor’s  (l?)  st^dy  of  the  explosion  of  a long  cylindrical  botl)  re- 
sulted iri  his  theorem  which  made  the  predictions  of  the  hydrodynamic 
theory  more  realistic* 

Without  this  theorem  >ne  might  conclude  that  a collapsing  cylinder 
(a  cone  with  sere  up  ox  angle)  should  produce  a jet  with  infinite  velocity, 
With  this  theorem  the  predicted  jet  Telocity  from  a cylindrical  liner  is 
only  twice  the  detonation  Telocity*  Actually  the  measurement  of  the 
Telocity  of  s jet  produced  by  a collapsing  cylinder  is  • sensitive  oheok 
on  the  validity  of  the  Taylor  theorem*  Measurements  with^arge  charges 
at  Los  Alamos  h«?e  furnished  a striking  confirmation  (18)  of  this 
theorem* 

Non  Steady  Jet  Formation 

An  example  of  how  much  one’s  eraluatd.cn  of  experimental  evidence 
inerltsbly  Is  influenced  ty  one’s  preconceived  ideas,  is  found  in  the 
early  conclusions  reached  from  the  early  radiographs  of  ClArk  and  Seelsy. 
Because  moat  of  the  scientists  examining  these  radiographs  were  looking 
for  evidence  for  the  steady-state  assumption  that  must  be  made  to  justify 
the  Taylor-fturkhoff  theories*  the  almost  universal  uwnoluslon  was  that 
the  collapse  angle  remained  constant  throughout  the  collapse  process * It 
was  then  neoeaeary  to  Invoke  a new  phenomenon  to  acoount  for  a secondary 
jet  issuing  from  the  slug  long  after  the  collapse  process  was  completed. 

It  was  fortunate  that  I was  deep  in  my  analysis  of  the  non- steady 
process  of  penetration  long  before  I had  an  opportunity  to  view  the 
complete  set  of  oollspse  radiographs*  furthermore,  my  interest  In  the 
collapse  theory  was  at  first  only  academic  because  it  seemed  to  be  of 
little  Importance  In  the  defense  problem.  I did  not  hear  the  conclusions 
reeuhed  by  others  before  I viewed  the  radiographs,  Ky  immediate  con- 
clusion vaa  that  tho  collapse  angle  increased  continuously  throughout  the 
collapse  process,  slowly  at  first  and  much  more  rapidly  at  the  end*  It 
appeared  to  ms  that  the  basal  elemonts  of  the  liner  collapsed  very  slowly 
saw)  I could  see  no  evidence  for  a eudden  or  even  rapid  change  In  the 
process.  Thus  when  hostilities  ended  in  19U5  and  Col*  Roberts  suggested 
that  I continue  asy  fundamental  studies  by  moving  most  of  my  group  to 
Bruce ton,  I welcomed  the  opportunity*  At  Bruce ton  we  were  able  to  take 
over  the  ERL  facilities  vacated  by  KaoDouga.il  and  hia 


* Attempts  to  obtain  a copy  of  RC  193  have  mot  with  no  success.  My 
information  consists  of  a brief  note  relayed  from  Taylor  through  Birkhoff 
for  inclusion  in  Jour.  Appl.  Fhya.  19,  No*  6 pp.  563-582  (June  19U8), 
where  it  is  included  as  Fig,  32,  with  legend,  on  p.  570.  The  theorem 
appears  in  simpler  form  in  Jour.  Appl,  Phys,,  23,  No.  5 (May  1952),  Eq.  (l) 

**  It  is  suggested  in  this  article  that  the  failure  to  observe  penetrating 
jet  velocities  as  high  as  expected  represents  a failure  of  the  theory. 

It  does,  in  f»et,  represent  a failure  of  the  steady-state  theory,  which  was 
being  used.  ir-y,w»r,  the  non-steady  theory,  to  be  mentioned  later,  shews 
that  tnene  hieb  velocities  should  not  be  observable  with  the  experimental 
emui&M  • - - * in  this  article.  , 

CONFIDENTIAL 


CONFIDENTIAL 


Since  I still  had  many  duties  on  the  campus,  Eiehelberger  tooK 
owr  direct  charge  of  the  Bruce  ton  croup.  The  two  of  us  worked  in 
clqse  collaboration  on  the  theory  (19 ) of  non-steady  jet  formation. 

Noman  Roatoker,  who  joined  the  group  in  smoothed  out  mary  of 

tho  rough  spots  and  Investigated  the  validity  of  the  assumptions. 

Slehelberger  (20  was  primarily  responsible  for  the  development 
of  the  techniques  used  in  verifying  tlie  theory. 

How  the  techniques  of  flash  radiography  have  bean  ijBprgyod  by 
the  Aberdeen  group  can  be  ssen  by  tbs  fact  that  the  new  radiographs 
by  H.  X.  Breldenbaeh  (21)  and  by  Zernov  et  al  (22)  can  leave  no  doubt 
that  the  collapse  angle  does  increase  with  time  and  furthermore,  that 
the  contour  of  the  collapsing  wall  la  not  eoulcnl  but  curved.  She 
mathematical  formulation  can  be  expected  to  be  right  only  for  those 
prooesaes  of  jet  foxmatlon  in  which  the  loss  of  energy  in  the  form  of 
heat  can  be  ignored,  Xt  ia,  however,  gratifying  that  when  heat  energy 
eaanot  be  Ignored  the  deviations  of  results  from  those  predicted  by 
mathsmatios  appear  to  be  In  the  expected  direction. 

Conclusion 

•MAemewiMnmai} 

It  la  hoped  that  this  brief  historical  ao  count  will  be  found 
Interesting  and  helpful  especially  to  nevcoaers  in  the  field*  Many 
topios  have  been  left  out  or  inadequately  covered.  She  available  space, 
however,  does  not  justify  thslr  inclusion.  In  seas  oases  brief  historical 
accounts  are  included  in  the  chip  tars,  as  for  example,  in  Chapter  VXX 
on  spin  compensation. 

For  two  reasons  the  recent  history  has  been  subordinated  to  the 
older  i first,  recent  history  can  be  found  in  easily  available  modern 
reports j and  second,  it  is  too  difficult  to  evaluate  objectively  the 
developments  that  are  very  new. 
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CHAPTER  II 

STATUS  OF  THEORY 

Qarrett  Birkhoff 

Harvard  University 
Cambridge,  Massachusetts 

L.  H.  Thomas 

Wat mom  3«i«ntifio  Computing  Lahor»tnry 
New  York,  N,  Y, 


8 1*  Detonation  vit« 

The  detonation  process  is  most  easily  pictured  in  terns  of  the 
passage  of  a “detonation  front"  (see  Fla.  l)  through  the  explosive, 
with  the  velocity  Fg  it  the  range  (l),  (2)  $-9  mm/, me  (.Im/bec),  Lehind 

title  detonation  front,  pretisures  p1  of  the  order  of  21  \000  atm  tnd 

temperatures  2J>00°  - UOOO°C  are  commonly  observed  ( j),  The  total 

chemical  energies  feeding  the  detonation  are  of  the  order  (l),  (2)  of 
1 * 1,000  cal/ gram.  Th*  detonation  front  la  regarded  as  a shock  surface 
followed  by  * "reaction  none*  In  which  chemical  reaction  takes  place, 
and  the  thlokness  of  which  Is  estimated  (it)  to  be  of  the  order  of 
1mm  for  most  solid  explosives,  corresponding  to  0.1  microsecond  reaction 
time. 

From  and  an  assumed  aquation  of  atate,  one  can  astl»»t« 

P]_,  Tj,  and  the  particle  velocity  behind  the  detonation  front  by  the 

conservation  of  mass,  momentum,  and  energy.  The  so-called  Chapman- 
Jpuffwt  condition  (5)  gives  a fourth  equation,  from  which  VD  Itself  oan 

be  predicted.  However,  the  equations  of  stats  of  solids  under  high 
temperatures  and  shook  pressures  tire  not  accurately  known  (6),  an  i bo 
the  praoading  method  is  of  limited  practical  value.  See  Chapter  7, 

8 2 for  r\  more  detailed  discussion. 

If  one  assumes  that  7^  is  a constant  for  a given  explosive,  so 

that  the  detonation  front  propagates  by  Huygens'  principle  (?)  (just  as 
in  geometrical  optics),  one  has  a National  basis  for  "shaping"  explosive 
waves  by  peripheral  initiation,  or  by  using  composite  charges  having 
different  detonation  velocities  in  different  regions  (a*g»,  having  inert 
cores).  Actually,  Vg  may  be  affected  by  the  curvature  of  the  detonation 

front,  and  composite  charges  are  especially  liable  to 'imperfections , 


*5ome  workers  (see  for  instance  Techa.  Report  XIII,  Univ.  of  Utah,  May 
15,  1 953*  by  Cook,  Filler,  and  Keyes’)  consider  it  necessary  to  take 
into  account  a much  wider  band  even  for  a first  approximation, 
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In  lined  cavity  eh&r|jer,  the  primary  effect  of  the  explosive  is 
through  the  collapse  velocity  V which  it  transmits  to  the  liner,  in  the 
high-pressure  zone  behind  the  detonation  front.  This  velocity  is 
transmitted,  toy  a complicated  process  of  multiple  shock  reflection, 

(8),  (9)  in  5-S>0  peecs.  The  net  effect  of  these  mc.fl. iplu  reflections 
has  been  shown  by  ftostoker  and  Murray  (10)  (li)  to  bo  nearly  the  a«mo 
as  if  the  liner  were  rigid.  The  effect  of  finite  charge  dimensions  and 
confinement  are  not  easy  to  determine}  jiichelberger*  (12),  (13),  (Hi) 
has  made  rough  estimates  of  these  effects  using  a crude  '‘release  wave" 
concept  xhich  involves  an  empirical  parameter  K estimated!  by  other  ex- 
periments. Related  estimates  of  the  dependence  V - f(C/fcl)  of  casing 
frapumt  velocity  on  the  charge  to  mass  ratio  C/M  may  be  found  in  the 
classified  literature.  (15),  (16),  (17),  (18),  (l?) 

However,  even  for  plane  liners,  the  quantitative  accuracy  of  the 
predictions  is  uncertain.  The  extension  of  the  analysis  to  conical 
liners  in  cylindrical  casings  presents  formidable  new  difficulties, 
tape dally,  the  applicability  of  analogous  formulas  near  the  apex,  the 
base  flange,  and  to  deeply  fluted  liners  (fl  8 U,  11)  should  be  viewed 
with  skepticism,  until  much  m >rs  progress  has  been  made. 

8 J«t  formation  1 "aero  ovder'*  tMocy 


In  the  case  of  conical  liners  with  cone  angle  2a  the  stablest 
picture  is  to  asinine  that  the  liner  collapses  with  a constant  velocity 
and  in  a conn tan t direction.  Applying  Bernoulli's  equation  to 


a moving  reference  frame,  this  direction  bisects  the  angle  29  between 
the  normal  to  the  uncvllapasd  liner,  and  the  normal  to  the  collapsing 
liner  (see  Fig.  2a).  If  one  then  neglects  internal  shear  stresses  and 
shocks  (increase  of  entropy),  orn  obtains  the  steady  state  hydrodysaalot 
theory  of  Jet  formation.  According  to  this  theory,  the  collapsing  cone 
divides  into  a high  speed  Jet  and  e slower  slug,  whose  mass-ratio  is 
(in  terms  cf  the  angle  p between  the  collapsing  liner  and  the  axis). 


(1)  Bj/ma  * (1  * cos  p)/(l  - 001  p)  ■ cot2  (p/2), 
and  whose  velocities  are  respectively 


'i 


O 8 


v - v »in  n/2 
s vo  cos 


As  the  details  of  this  theory  have  boon  published  , we  shall  not 
repeat  than  here. 


♦^Bt&mates  oi1  (x)  may  vary  by  $0%  or. more,  depending  on  K. 

*“  "««  (20 ) for  the  derivation.  lh«  fom  used  here  is  that  given 
in  (21),  ecyiationa  ($a)  - (6b),  p.  53U»  * 
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FIGURE  2b 
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We  recall,  however,  that  If  an  incompressible  wedge-shaped  liner  is 
considered,  the  complete  velocity  field  may  be  found  by  conformal  mapping 
(22]K  Oils  has  aanotimes  led  to  the  erroneous  impression  that  incompres- 
sibility must  be  assumed  in  deriving  equations (l)  - (2),  In  fact.  the 
nnm.jmntione  needed  to  derive  (l)  - (2)  are  the  following  (cf8  § U), 

(i)  Steady  state  flow,  in  a moving  reference  frame.  Strictly 
speaking,  this  requires  a plane  detonation  wave,  and  a liner  whose  thick- 
ness Is  inversely  proportional  to  the  distance  from  the  cone  apex* 

(il)  Shear  forces  are  negligible.  Since  the  yield  stress  of  mild 

J . ..  fi  Artrt  .i. 

V V99A  uifcijr  W|V w nuu* 

(ill)  Isentroplc,  shock-free  ilev  (cf»  §5). 

(iv)  Constant  pressure  on  the  liner  near  the  stagnation  point  J, 
the  same  inside  and  outside  the  liner. 

(v)  Asymptotically  uniform  flow  in  the  liner,  jet,  and  slug,  away 
from  the  stagnation  point  J. 

From  the  preceding  assumptions,  it  follows  that,  relative  to  axes 
moving  with  the  collapse (stagnation) point  vc  have  the  Bernoulli! 

equation  (by  (l)  - (ill),  and  hence  (by  (iv;  - (v) ) the  same  relative 
velocity  in  the  Jet,  slug,  and  collapsing  liner  (see,  Fig.,  2b), 

The  equations  (l)  - (2)  have  been  confirmed  experimentally  near 
the  apex  of  the  cone.  S specially  is  this  true  of  the  predictions  that 
the  Jet  iengilh  should  equal  the  slug  length,  and  of  the  initial  Vy 

However,  near  the  bast  of  the  cone,  the  collapse  angle  Increases  rapidly, 
the  observed  ra^/ma  is  considerably  larger  (23)  tliten  that  predicted  by 

(l),  and  the  Jet  becomes  several  times  longer  than  the  slug.  Ws  shall 
now  attanpt  to  rationalise  these  facts,  following  ideas  first  explicitly 
formulated  by  Pugh.(2l),  (2U),  (2$)  (26) 

8 3,  Jet  fora»t- lorn  "first  order"  theory 

In  H.X.A.T.  shell  with  conical  liners  (Fig.  1),  it  is  obrieua  that 
C/M,  the  chirge/maas  ratio  in  a eross-section,  decreases  from  infinity  00 
to  a sb all  quantity,  * one  moves  along  the  liner  axis  (x-axls)  fra# 
apex  to  base,  Hanee  (of,  8 1)  the  collapse  velocity  ? (x)  may  be  expected 
to  decrease  correspondingly,  in  a way  which  can  be  roughly  predicted. 

It  would  be  desirable  to  have  accurate  direct  experimental  measurements 
of  ?0(x).  However,  inferences  from  X-radiographs  are  not  accurate , and 

tteswpin  tarohnioues*  (8T0— -seams  difficult  to  apply. - - 

* This  was  found  in  19U3  at  Srueatpn, 

**  See  (2 p),  where  the  theory  purports  to  predict  everything  from 
Bj/a  and.  v^« 

data  were  reported  by  Dean  Mallory  of  the  H.  0.  L. 
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If  one  assumes  that  (vi)  there  is  negligible  momentum  transfer 
after  the  initial  phases  of  the  collapse  process,  one  concludes  the'- 
each  liner  element  from  the  ring-shaped  sene  with  initial  poai^o**  >. 
moves  with  Qonstant  velocity  ?qvk)  in  a .straight  line  until  it  <n»at-h. 

the  liner  axis.”  Since  the  collapse  direction  bisects  the  l&itial 
angle  between  the  initial  norm?!  to  the  collapsing  liner  and  the  normal 
to  the  original  cone,  one  can  predict  from  VQ(x)  and  the  initial  collapse 

angle,  the  shape  of  the  collapsing  liner  at  all  times.  The  predicted 
collapse  profile  agrees  with  observation,  at  least  qualitatively. 

As  emphasised  by  Pugh,  Siehelbergsr  and  Rostoker  (30),  (22)  who 
originated  ths  preceding  "first  order"  theory,  the  inferred  local 
collapse  angle  p(x)  and  local  relative  velocity  ?x(x)  on  the  axis  will 

increase  and  decrease  markedly  as  ws  move  from  apex  to  base.  By  (2), 
the  increase  in  |J(x)  accentuates  the  jet  velocity  gradient,  so  that 
V^(x)  dacreaaee  to  a fraction  of  its  Initial  value.  ** 

With  thin  cones,  the  relative  change  in  £(x)  and  7.(x)  per  liner 
thickness  is'  small}  hence  it  saeaa  reasonable  to  a a sue* A that  the  theory 
of  S 2 is  locally  applicable  to  these  quantities?  At  least,  this 
assumption  gives a staple  basis  fop  calculating,  as  functions  of  a, 
the  velocity  7^ (x)  of  jet  formation  and  masa-ratlo  «j(x)/s(x). 

8 li»  Applicability  of  theory 

The  group  at  Carnegie  Tech,  has  published  (32).  (33),  (3U) 
experimental  evidence  confirming  the  idea  that  the  jet  mass  and  velocity 
gradient  can  be  predicted  approximately  by  the  preceding  "first  order* 
therapy*  Briefly  outlined,  their  confirmation  proceeds  as  follows » 

"The  theory  has  been  worked  out  in  detail  for  the  oaee  where  a 
plane  detonation  wave  travels  parallel  to  the  axis  of  a oonieal  liner. 
Four  Independent  equations  are  obtained  relating  seven  different  variable 
functions  of  the  coordinate  x,  where  x defines  the  original  position 
of  a seas!  element  In  ths  uadi*  wvrbad  liner.  These  seven  variables  are 
listed  below,  together  with  their  definitions  and  the  methods  of  deter- 
mining t&nu 


Variable 

Definition 

Method  of  Determining 

Jbipt 

da 

Hass  of  original  cone 
element. 

Direct  weighing  of  sectioned 
cones. 

A 

dmg  . 

Mass,  .of ..  slug.  element. 

...  Sing,  mentions,  free,  -sectioned .. 
cones  are  recovered  and 
weighed. 

...  .B 

Hass  of  jet  element. 

Inferred  from  da.  * dm  - dra_» 
j B 

* tET  stability  oF’thls  method  of  calculation  has  bean  discussed  by 
tiidson  and  Gardner  (28);  see  also  a Vi  below.  Aotualiy,  plastio  forces 
cause  some  deflection;  see  (2 ?). 

Very  good  data  are  given  in  (31)  by  Breidenbsch. 
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Variable  Definition 

V Velocity  of  jet  element. 


Method  of  Determining  Expt« 

Measured  as  a function  of  C 
with  a rotating  mirror 

camera: 


V 

o 


6 


P 


combined  with  the  collection  D 
and  weighing  of  sections  of 
the  jet* 


Velocity  of  collapsing 
cone  element. 


Difficult  to  measure  directly, 
but  may  be  approximated  from 
the  r ilease  wave  theory. 


Angle  defining  the  di-  Difficult  to  measure, 
recti on  of  collapse  of 
the  liner  element. 


Angl**  between  collapsing  Flash  radiographs  provide 
element  and  the  cone  semi-quantitative  values, 
axis. 


Experiments  A,  B,  C,  and  D,  (35)  performed  on  standard  charges 
with  steel  liners,  provided  sets  of  values  which  could  be  used  with 
the  four  independent  equations  to  determine  two  independent  sets  of 
values  for  V (x)  and  p(x).  The  agreement  between  these  two  inde- 
pendent eete  wee  excellent.  Flash  radiographs  by  Clark,  (36) 

Breidenbach  (31)  and  Zerocw  (37)  on  similarly  shaped  charges  provide 
values  of  p (x)  that  are  in  good  qualitative  agreement  with  the 
above  sots.  Experiments  A,  B,  end  C,  performed  on  cones  of  aluminum 
copper,  end  steel,  with  apex  angles  from  22°  to  88°  and  with  liner 
thicknesses  from  0*022  in.  to  0*056  in*  have  provided  similar  serai - 
quantitative  verifications  for  this  wider  range  of  variables.  With 
this  large  variety  of  charges,  the  values  of  VQ(x)  estimated  from 

"release  wave*  calculations  are  in  fair  agreement  with  those  obtained 
by  substituting  the  results  of  experiments  A,  B,  and  C into  the  four 
equations.  Deviations  appear  to  be  in  the  direction  expected  from 
consideration  of  strength  effects.  "Release  wavs"  calculations  also  have 
provided  similar  verification  with  charges  having  explosives  shaped 
very  differently  from  those  in  the  standard  charge*" 


However,  the  accuracy  of  the  preceding  "first  order"  hydrodynamical 
theory.  Is  obviously  limited  by  the  validity  of  assumptions  (ii)  ~ (v) 

of  5 2,  and  the  assumption,  (vl).  of.. 5... 3>.. that  .the.. relation. change.  J.D. 

P(x)  and  V^(x)  per  liner  thickness  is  snail.  We  shall  now  give  an  a 

jgriQjri  discussion  of  the  validity  of  these  assumptions."  The  suirvnit’jd'.5s 
©mje  resulting  departures  from  the  simplified  picture  are  not  known 
and  are  very  difficult  to  estimate. 


(i)  Hear  the  end  of  collapse,  when  the  liner  necks,  down  (see  Tig. 
it  is  hard  to  aee  why  the  Berner  fill  equation  should  be  locally  applleatl 
Also, | (v)  aeems  unconvincing,  and  there  is  a considerable  interchange  of 
■*3«<s  \ ju/To?  a scas^hat  different  ^analysis. 
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momentum  between  3.1  ner  ale  monte,  contradicting  (vi) . 

(ii)  Metallurgical  evidence  indicatee  (36),  (39)  that  the  shew 
stresses  are  enough  to  heat  the  core  <£  the  liner  up  to  l£00QF,  carres- 
ponding  to  the  mechanical  energy  of  a velocity  of  2500  moters/eee,  or  to 
a velocity  drop  from  8000  to  7600  mater s/sec.  Also,  early  Brucaton 
experiments  (1*0),  (Ul)  showed  that  with  reduced  explosive  energy,  the 
ratio  Bj/ns  was  appreciably  altered.  Incidentally,  shear  strength  is 

increased  markedly  by  hydrostatic  pressure  (1*2).  These  facts  indicate 
tu*iv  hvui'uujmud cal  theories  cannot  be  used  much  beneath  the  range 
of  esqplosive  energies  involved,  especially  near  the  tail  of  the  let. 

(iii)  Keating  by  shock  waves.  The  data,  of  § 5 show  that,  with 
Jet  velocities  only  2-3  times  those  obtained  from  service  rounds,  suoh 
effects  are  orltical. 

(It)  The  explosive  exerts  a considerable  pressure  'aqueese'  on 
the  slug.  It  is  hard  to  estimate  the  magnitude  of  the  pressure,  but 
it  would,  of  course,  tend  to  lengthen  the  Jet.  X-radiographe  reveal 
a high-pressure  zone  in  the  shape  of  an  inverted  oone,*'  and  a change 
in  the  shape  of  the  sing  after  collapse  is  complete. 


EDITORIAL  MOTE 

Since  the  preparation  of  this  chapter  by  ths  authors,  a useful, 
analysis  of  shaped  charge  liner  collapse  has  been  developed  to  which 
attention  should  be  called.  Jackson  and  Clark  considered  the  Problem 
of  Lagrange,.  The  equations  of  motion  of  two  pistons  driven  by  gas 
confined  between  them,  wei*e  obtained  in  terms  of  dimensionless  parameters 
and  integrated  in  closed  form.  Rostoker  (CIT)  obtained  a similar  result 
far  <t  more  restricted  oase.  The  Jackson  and  Clark  solution  was  applied 
to  tile  element  of  a shaped  charge  liner.  Thf  shook  reflected  iron  ths 
liner  was  included  by  using  an  enhanced  sound  velocity.  The  motion  of 
the  liner  was  tuksn  normal  to  ths  surfaos,  modified  by  a small  component 
parallel  to  the  surface  due  to  ths  cwitlnuoucly  varying  pressure  behind 
the  detonation  front. 

Having  thus  obtained  the  mass,  direction  and  velocity  of  the  liner 
element,  the  characteri3t3.es  of  the  nlug  and  Jet  elements  were  obtained 
by  the  usual  hydrodynamic  methods.  . 

The  equations  nave  been  coded  for  use  with  ths  ORDfAC  and  solutions 
can  be  readily  obtained  for  any  liner  whoso  generator  can  be  represented 
by  a continuous  equation,  and  far  point  or  peripheral  initiation.  To  date 
several  oases  fiacre  been  computed  for  which  experimental  values  are  avail" 
able  for  ebmparl son.  The  agreement  was  good. 

The  end  result  obtained  is  similar  to  that  obtained  by  the  CIT  Release 
Wave  and  Generalised  Shaped  Charge  Theories  but  no  direct  comparison  of 
numerical  results  irora  the  two  theories  has  yet  been  made,. 

^Hvvlcteivo  ThJ'BR'L”photographo , taken  by  Sultenoff,.  For  the  change  in  the 
.ilug,  see  Breidenbach,  BRL  606.  (31) 
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Sos»  light  la  ah ad  on .the  limitations  of  hydrodynamical  jet  theories 
by  data  recently  released  by  Los  Alamos  (6)*  Among  the  relevant  facts 
observed  experimentally,  the  following  deserve  mention. 

As  first  suggested  in  19k$  by  K,  Fuchs  and  P.  Stein,  for  a 
sufficiently  small  angle  between  two  impinging  plane  surfaces  (corres- 
ponding to  the  collapse  of  a wedge-shaped  liner),  a jetless  inpact  is 
possible,  me  critical  angle  is  the  same  as  for  attached  shock  flow 
pest  a wedge,  end  is  about  30°  for  dural,  sdld  steel,  lead,  and  braes,  at 
iqpaot  velocities  of  around  3 Km/sec.  (Pig*  U). 

Mathematical  analysis  shows  (1*3)  that  no  analogous  jetloss  collapse 
of  oonieal  liners  is  possible.  Consequently,  the  use  of  converging  detona- 
tion waves  and  very  small  cons  angles  2a  should  yield  arbitrarily  high 
Jet  velocities  V . of  about  27Q  oac  a,  according  to  the  hydrodynandcal 

theories  (UL)#  of  8 S 2-3.  However,  actual  jets  traveling  at  three 
speeds  tend  to  spread  laterally  os  if  they  were  gaseous,  and  deviations 
from  the  hydrodyzuuaical  theory  become  evident  lor  7^  around  50  Km/seo. 

8 6*  Jet  break-up 

Due  to  the  jet  velocity  gradient  already  mentioned*  the  jet  may  be  ** 
•xpeoted  to  lengthen  continuously,  while  moving  ahead  in  a straight  line. 
In  the  case  of  well-farmed  (of.  Ch.fll),  unrotated  (of.  Oh.  TD)  charges 
end  linen,  a etraight,  steadily  lengthening  jet  is  in  fact  observed. 
However,  real  Jet?  always  break-up  Into  streams  of  particles  sooner  or 
later  (See  fig.  3).  The  tins  of  break-up  has  an  important  effeot  on  pene- 
tration (of.  S 8 below). 

With  steel  liners,  break-up  ordinarily  occurs  within  a few  cans 
diameters of  travel  (48),  while  for  oepper  liners,  aa  first  predicted  (U9) 
by  Pugh  and  later  confirmed  experimentally,  considerable  ductile  drawing 
occurs,  and  break-up  is  much  later.  There  are^yfrenslva  empirical  data 
on  the  isaas-dietribution  of  jet  particles  (52)  while  the  existence  of 


* For  eauqpla,  if  7g  ■ 3 Ha/seo,  and  2a  ■ 10°,  7^  ■ 80  Km/sec» 

**>  For  Mathematical  details,  see  (U5) * (U6) , or  (1(7)* 

***  For  experimental  confi nation,  see  (50)  and  (51) » 

**e*6ee  recent  jet  x-ray  pictures  taken  at  the  BRL,  and 
CIT  data. 
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adequate  theories  of  the  break-up  of  steel  shell  and  booh  cases  suggests 
that  analogous  quaaiempirical  theories  of  jet  break-up  can  perhaps  be 
constructed,  within  the  framework  of  the  classical  mechanics  of  cuntinua. 


The  conditions  of  fracture  under  tension  are  not  yet  very  clearly 
understood*  For  a good  theory  we  would  need  to  know,  in  tha  first  place, 
how  the  stress  in  the  material  depends  not  only  on  the  strain  but  on  the 
rate  of  strain  and  on  the  past  history*  (£U)** 


The  facts  that  fccc-c entered  cubic  crystals  tend  to  be  ductile  (£6) 
and  that  cast  iron  and  steel  behave  so  differently  under  ordinary  oon^ 
di lions  suggest  that  a fmndaaontal  theory  must  take  account  of  crystalline 
and  polyuryetalline  structure  of  the  material*  Further,  actual  fracture 
may  involve  an  instability  of  plastio  flow  or  the  propagation  of  e crack  (£li) 
and  nay,  for  this  reason,  also  happen  differently  at  high  speede* 

S 7.  Similarity 


If  the  diameter  ie  taken  ns  the  unit  of  length,  the  "Law  of  Gran*" 
asserts  that  geometrically  similar  shaped  charge  reundaof  widely  varying 
diameter  dj  behave  approximately  similarly  (£7),  (£6).*** 


The  beat  theoretical  bade  for  this  fact  consists  in  the  principle 
(30,  30s)  that  the  Inertial  and  explosive  stresses  involved  depend  mainly 

on  the  (£7),  (£B)^  strain  and  much  less  on  the  time  rate  of  e train, 
Although  this  principle  le  not  exact,  and  is  presumably  not  applicable 
to  the  reaotlon  aooe,  to  viscous  effects,  or  to  jet  break-up,  it  has 
sufficient  validity  to  bo  very  useful  in  analysing  existing  data. 


Applied  to  rotating  shapod  charges,  it  predicts  that  the  relative 
deterioration  in  shaped  oharge  performance  due  to  spin,  with  similar 
rounds  of  different  diameter  d spinning  at  a r.p.s.,  should  be  deter- 
mined by  the  spin  parameter  wd  measuring  the  peripheral  velocity  rather 
than  by  » itself*  This  peripheral  velocity  ad  is  dearly  where 

ie  the  impaot  velocity,  and  1/n  the  twist  of  rifling  (in  turns  per 
caliber). 


iiaMteeMMMasNMieMmMeMee 

* For  theories  of  shell  fragmentation,  nee  N.  F.  Mott,  (£3)* 

*»  Far  the  variation  in  atrees  with  rate  of  strain,  see  (££). 
eweflee  also  the  extensive  teste  by  Schardir^  to  be  reported  in  Vol*  6 
of  the  Cgesa*  Apj>l.  Math* 

**»*Foir  the  argument,  see  0.  iirkhoff  (£?),  where  various  special  cases 
are  treated* 
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The  preceding  prediction  i»  in  fair  agreement  with  available 
experimental  data.* 

Considerations  of  similitude  often  help  greatly  in  determining 
the  limits  of  applicability  of  theories,  which  are  commonly  invariant 
under  large  groups  of  transformations.  For  instance,  with  explosives 
having  the  same  adiabatic  constant,  y,  if  the  liner  and  casing  are 
treated  as  incompressible  fluids,  then  the  behavior  is  geometrically 
similar  with  reduced  velocity  cci/E  , regardless  of  the  explosive 
energy  B,  provided  that  the  detonation  velocity  is  lowered  in  pro- 
portion to  Y*  • Hence,  reductions  in  penetration  which  occur  ""  with 
dilute  explosives  like  those  due  to  ths  strength  „f  the  target  material 
are  probably  corralated  with  limitations  in  the  applicability  of 
striotly  hydrodynamical  theories  like  those  of  § 8 2-3  and  If  0. 

8 Penetration » "zt  o order11  theory 


A continuous  perfectly  farmed  fluid  jet  of  density  Pj,  moving 

with  constant  velocity  Vy  should  penetrate  a target  of  density  p with 

a constant  velooity  U,  which  can  be  roughly  predicted***  from  the 
continuity  of  pressure  at  the  "stagnation  point*  (Fig,  *0,  where  the 
tip  of  the  jet  is  boring  into  the  target.  In  a reference  frame  moving 
with  velooity  U,  neglecting  target  strength  apd  compressibility, 
Bernoulli's  Theorem  assumes  the  simple  form 

(3)  ir  Pj  (Vj  - tf)2  * y p 02. 

Hence,  the  rate  of  penetration  U satisfies  the  equation 

U ■ (Pj/p)1/2  (Vj  - U), 

where  7,-0  1s  the  rate  at  which  the  jet  ie  being  used  up.  Solving, 

V ttAMf 

we  get  the  Hill-Mott-Pack  equation 
(>4)  P - (Pj/p)1^  b, 

connecting  the  total  depth  of  penetration  P with  the  total  jafclengfch  L, 
for  uniform,  incompressible  rim.}  iota. 


* See  (60),  where  the  contrary  conclusion  is  reached  that  P/d  ■ f(w)  j 
Theory  suggests  P/d  ■ f (cod).  However,  "snitback”  fuzes  support  the 
view  expressed  here,  as  do  more  recent  C.I.T.  experimenter  Set  (6l), 
**  Early  Bruoeton  axoorlments . 

***  She  method  ia  due  to  R.  Hill,  N.  F,  Mott,  and  D.  C,  Pack  (62). 

**tHf . .MacBougall  and  Pugh-  obtained  this  equation  independently,  


■aggaBiSSSi.  1 1 1 1 m II 1 ' 
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Because  of  the  Assumption  V.^  * const.,  which  corresponds  to  the 

model  of  § 2*  this  may  be  called  & "aero  order”  theory.  Combining  with 
9 2,  we  see  that  L - (d/2)  esc  p is  nearly  the  cone  slant  height. 
Actually,  total  penetrations  several  times  this  depth  are  obtained  at 
large  standoff  for  reasone  explained  in  a 9.  However,  equation  (3) 
can  be  used  to  Lifer  the  useful  equations 


(?)  a - iy&  ♦ ^5/pJ> 

(?!)  Pg  * f P ■ f Pj  ♦ 2 /pj/p  + pj/p)» 

from  which  the  lnetantaneoue  penetration  velocity  U and  stagnation 
pressure  pg  can  be  approximately  inferred. 

Thus  (63)Cb  Jets  penetrating  HgO  at  h have  been  observed  by 

Kerr  cell  photography.  Again,  a 10  ram/pseo  steel  Jet  will  penetrate  a 
steel  target  at  U ■ Vj,/2  ■ 5 wh/p*®°»  according  to  (5),  giving  a 

stagnation,  pressure  p*- $00,000  atm.,  roughly.  This  obviously  greatly 
exceit da  the  yield  strength  of  steal,  justifying  the  hydrodynaaisal  model. 


In  two  dimensions  (e.g.,  for  wedge-shaped  cutting  charges),  even 
idle  pressure  distribution  can  be  determined  mathematically.  (61*) 

S 9.  Fsnetratlom  "first  order"  theory 

The  consideration*  of  I 3 lead  to  an  Important  modification  of 
formula  (1*)  due  to  Pugh  and  Fireman  (65),  (66),  (1*6)  (67 /which  explains 
the  observed  variation  in  penetration  with  standoff.  In  this  modification, 
ana  assumes  a gradual  variation  in  the  jet  velocity  and  density  along  its 
length,  so  that  Bernoulli? • Theorem  le  locally  applicable.  This  gives 

(U)  P • 1/fi  f d 

where  Pj(*)  is  the  “effective”  density  of  the  jet  when  it  reaches  the 
target. 


Looking  only  at  the  first  factor  in  (l*a),  we  see  that,  for  different 
target  materials . ? eel/  j/p  . Thus,  weight  for  weight,  low"3enaTEy 
materials  provide  the  best  defense  against  shaped,  charges,  as  long  as 
?j(y)  is  so  large  that  the  target  yL-Xd-strongth  Is  negligible.  For 

mild  steel,  with  a yield  strength  ef  8000  atm,,  this  corresponds  to 
Fj??i*50  meters/sec,  which  is  not  verified  near  the  tail,  end  of  the 

jet,,  this  explains  qualitatively  why  penetrations  into  mild  steel  are 
30#  - 15#  deeper  than  into  armori  too  latter  haa  greater  yield  strength. 


• The  qualitative  idea  is  An  (68). 


CONFIDENTIAL 


CONFIDENTIAL 


However,  the  proportionality  P ce  1/  \J  p hao  been  confirmed  approxi- 
mately for  |any  material. a,  quart*-like  materials  being  the  most  notable 
exceptions.  A more  detailed  discussion  will  be  given  in  Oh.  IX. 

Looking  directly  at  (U),  or  at  its  refinement  (Ua),  it  is  clear 
that  the  igprovunaent  in  penetration  P with  standoff  S may  be  e plained 
qualitatively  by  the  tendency  of  iSe  jel  to  lengthen  as  it  progresses, 
and  hence,  indirectly,  by  the  velocity  gradient  along  the  jet.  This 
factor,  rather  than  any  overall  inorease  in  velocity,  is  considered 
responsible  far  the  improvement  in  penetration  with  peripheral 
initiation.  (69),  (70) 

The  quantitative  application  of  (Ua)  requires  a successful  pre- 
diction of  py  This  is  variable,  because  of  jet  break-up,  rotation, 

and  other  factors.  It  is  convenient  to  distinguish  several  cases, 
in  trying  to  describe  the  dependence  of  penetration  P on  standoff  S. 

I.  In  the  case  of  well- formed  Cu  jets,  it  is  believed  that 
duo tils  drawing  makes  constant,  out  to  a large  standoff,  Henoe 

P ■ PQ(1  * a S),  Other  fluid  jets  art  lias  effective:  this  may  be 

due  to  lower  density,  wavering,  or  other  factors  (71). 

II.  In  the  aaiie  of  perfectly  aligned  particle  jets,  decreases 

in  inverse  proportion  to  dr,  so  that  a formula  of  the  type  P - P J/T+Ts 
is  inferred.  0 

111.  in  the  ease  of  unaULputd  jets,  whether  due  to  imperfections 
or  rotation,  decreases  also  in  proportion  to  3*  due  to  "spreading, " 

so  that  • formula  of  the  type  P • ,~Tjn is  inforred. 

Curves  of  the  p:re coding  type  can  be  roughly  fitted  to  observad 
date)  the  large  experimental  scatter  prevents  more  exact  conclusions 
from  being  drawn.  Ideally,  especially  in  Case  I,  it  might  bo  possible 
to  infer  an  optimum  V (x)  from  theoretical  conoid ©ration a.  Dut  a large 

amount  of  empirical  work  at  Bruceton,  during  World  War  II,  failed  to 
improve  substantially  an  conical  liners. 

Remark  1.  Although  tie  preceding  "first  order"  hydrodynamical 
theory  of  penetration  has  been  applied  above  only  to  homogeneous  targets, 
simple  extensions  give  a quite  adequate  explanation  of  penetration  Into 
nan-homogeneous,  spaced  or  laminated  targets.  These  extensions  involve 
a concept  of  Residual  penetration,"  which  we  have  not  space  enough  to 
explain  hare,  e 

* For  a discussion  of  this,  see  Chap.  12,  0 S>«  Another  exception  i® 

provided  by  abnormally  deep  penetrations  into  lead?  still  another,  by  • 
th#  fact  that  penetrations  into  mild  steel  are  10/5  - \$%  deeper  than 
those  into  lead.  These  .facta  may  be  correlator  with  differences  in 
yield  point,  or  with  the  concept,  of  "afterflow"  (of.  (68),  and  (66)  p.8?), 
**  JSee  (72)  for  details. 
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Remark  2.  T'le  hole  volume  is  harder  to  predict  theoretically* 
*Kelie' s Law"  of  the  proportionality  of  hole  volume  to  availatlo  energy 
(jet  energy)  is  approximately  valid*  at  low  speeds.  According  to  the 
hydrodynamic al  theory  (6U)  infinite  volumes  could  be  obtained,  but  the 
yield-stress  limits  the  growth  of  the  hole. 

8 10.  Effect  of  Rotation 


It  was  observed  a a early  as  19h3  that  rotation  caused  a large 
decrease  in  penetration  P,  and  that  this  effect  was  especially 
noticeable  at  large  standoff.**  typical  records  of  *7a  as  a function 
of  a d (of.  I 7 above,  Ch.  7ZI  below)  are  plotted  in  Fig.  6.  The 
reduction  in  penetration  by  spin  may  be  attributed  to  lateral  dispersion 
of  the  jet,  which  decreases  its  effective  mean  density*  This  lateral 
dispersion  is  also  evident  in  1-radiographs.***  Thus,  the  iet  velocity 
and  nciasntue  are  about  the  same  as  for  unrotated  liners  (77 / • 

Assuming  that  jet  particles  mov*  in  straight  lines,  we  may  corre- 
late with  the  penetration  theory  of  q 9,  since  the  mean  density  p will 
be  proportional  to  the  inverae  square  1 /Sr  of  the  standoff  5.  Drue, 
at  large  standoff  S,  the  penetration  P should  be  proportional  to  1/B, 
and  one  nay  expect  a decrease  in  penetration  aa  standoff  lengthens* 

ihe  X-ray  picture  sometime  -iiu«  a bifurcation  of  the  jet  (7B) 
and  a theory  of  the  instability  of  a lengthening  rotating  jat  la  in 
process  of  construction  (set  S 11  (Hi.)  below). 

8 11*  Spin  compensation 

Attempts  have  been  wide  to  Improve  the  performance  of  spin-stabilised 
shell,  by  using  varloas  non- coni  cal,  axially  symmetric  liners  (of.  Ch.  VII 
below) • However,  such  attempts  have  not  been  'promising  at  high  rates  of 

■pin****  and  so  the  major  emphasis  has  been  on  the  design  of  fluted  liners 
not  having  axial  symmetry* 

The  idea  underlying  the  use  of  fluted  liners  is  that  of  "spin  compen- 
sation" - i.e,,  of  annihilating  the  angular  momentum  of  the  liner  so  as 
to  inhibit  the  jet  spreading  already  discussed  (8  10).  this  is  not  cpiite 
the  sane  as  the  original  idea  of  using  "offsets"  (of.  Fig*  7a)  to  mates 
moat  of  the  liner  collapse  on  the  axis* 

♦'"^tslevant  da'SloT for  particle  impacts  have  recently  been  obtained  alt 
C.I.T.  Earlier  data  reported  by  Roberts  and  Obbelchd*,  (73)  or  (7L) 
are  tsoniiatent  with  Ho  lie  'a  Law.  There  is  an  interesting  analogy  with 
the  cavities  formed  behind  missiles  entering  wai«r>  cf.  (75)  and  (39), 
p,  12. 

*#  Sue  (39),  Sections  V,  XII,  for  World  War  ITdata  and  references. 

*•*  See  (76),  where  a good  dissuasion  of  the  preceding  material  may  be 
found. 

#*M*They  may,  however,  be  adequate  for  slowly  spinning  rounds.  Adequate 
compensation  for  normal,  spin-stabilised  rounds  at  2000  f/s  has  not 
yet  been  achieved  by  any  means. 
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Generally  speaking,  one  may  hope  to  achieve  eon*  spin  compensation 
by  using  wavy  flutings,  in  which  the  wall  Is  thicker  on  the  forward  side, 
as  la  Fig.  7b.  This  is  because  the  transferred  is  nearly  normal 

to  the  liner  surface,  and  proportional  to  its  thioknass.* 

Near  the  base  of  the  liner,  where  rotation  effaota  are  moat  serious, 
one  may  also  hope  to  convert  bom  of  the  axial  momentum  of  the  explosive 
behind  the  shook  wave  Into  rotational  momentum,  by  using  spiral  Outinga, 
whose  angle  with  a meridian  plane  beeones  progressively  steeper. 

However,  the  meohanisa  of  spin  compensation  is  not  yet  clearly 
understood.  Bus,  with  several  Assigns,  even  the  direction  of  spin 
compensation  is  reversed  by  changing  the  nunb*r  of  flu  tinge,  and  this 
seems  hard  to  explain.  Again,  the  consideration  that  uniform  pressure 
of  the  explosive  on  the  surface,  however  fluted,  would  produce  exactly 
aero  compensation,  shows  that  a fairly  sophisticated  theory  is  required, 
which  must  probably  Include  a detailed  discussion  of  the  explosive -liner 
interaction,  perhaps  by  numerical  methods  (see  8 12  below). 

For  the  present,  we  must  rely  mainly  on  empirical  data.  Aty  success- 
ful theory  must  explain  not  only  the  direction  of  spin  compensation  but 
also  its  magnitude  for  the  shapes  discussed  in  detail  in  Chap.  Fill. 

8 12.  • Perturbatlcn  mathods 

tben  a problem  is  too  oomplioated  for  exact  analytical  solution,  it 
le  often  possible  to  start  with  an  exaot  solution  of  a special  caSa  or  • 
of  a simplified  problem,  and  to  consider  the  effect  of  mull  departures 
(•perturbations”)  from  this  solution.  To  the  first  order  in  the  perturba- 
tion, we  have  a linear  problem,  which  will,  however,  usually  still  be 
too  difficult  for  analytical  solution.  -If  further  the  linear  problem 
turns  out  to  have  separable  variables,  in  general  or  in  special  oases, 
or  if  some  special  cases,  on  account  of  symmetry,  involve  only  cue 
variable,  one  aay  be  able  to  obtain  analytical  solutions. 

In  general,  in  order  to  carry  out  such  a progrwa,  one  must  make 
drastic  restrictions  on  the  properties  of  the  materials  involved,  or  on 
tho  initial,  conditions j to  obtain  an- exact  solution  from  which  to  start. 
Also,  one  can  often  solve  the  i in  jar  perturbation  equations  analytically, 
by  separating  variables,  only  for  special  cases  or  configurations.  In. 
the  end,  we  usually  have  the  further  approximation  that  the  perturbation 
is  taken  into  account  only  to  the  first  order. 

«See  d?1) . A cjYalitativa  discussion  of  this  was  given  in  (80). 
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W«  must  there fora  be  very  cautious  in  making  applications  of  the 
results  of  perturbation  calculations  far  shaped  charges,  especially 
sinoe  we  do  not  have  at  all  exact  knowledge  of  the  properties  of  the 
materials  under  the  aotual  conditions.  They  do,  however,  where  they 
can  be  made,  give  insight  into  the  stability  of  the  exact  solutions. 

It  would  be  encouraging  if  we  could  obtain  perturbation  solutions 
starting  from  the  steady  state  two-dimensional  flow  or  axially  ' 
•ymotrical  three-dimensional  flow  described  above  (I  2)  so  as  to 
estimate  the  affects  of  departure  from  steady  state  conditions  on  aoeount 
of  geoMtrloal  faotors  or  of  the  oontinui  g pressure  of  the  explosive 
gases  as  well  as  the  sf foots  ox  the  actual  compressibility  um  of  the 
internal  stresses  in  the  material,  but  only  seme  very  special  cases, 
of  which  we  shall,  give  three  examples,  have  been  treated  with  any  success. 

(i)  If  we  suppose  the  liner  to  be  very  thin  and  weak  (one- 
dimansional) , and  negleot  its  internal  * tresses  completely,  even  the 
hydrostatio  pressure,  we  may  obtain*  simple  equations  for  its  motion 
under  aontlnuing  explosion  gas  pressure.  If  a denotes  the  Lagrangion 
mass  variable,  and  x(a,t),  y(a,t)  denote  the  position  of  a point  on 
the  liner,  the  equations  of  motion  are 

(7)  d2  m/dt2  ■ - p dy/da,  82  y/dt2  • p dx/da, 

where  p(t)  denotes  the  pressure  at  time  t supposed  constant  in  space. 

These  equations  are  essentially  unstable,  in  the  sense  that  any  waviness 
inoreases  exponentially,  and  it  is  testing  to  relate  this  to  the  extreme 
sensitivity  uf  performance  to  Initial  departure  from  symmetry  (Chs.  Ill 
TV  , V).  It  should,  however,  be  remarked  that  constant  pressure  could 

.tot  bu  maintained  by  the  gases  against  exponentially  increasing  waviness, 
and  in  the  limiting  oase  of  the  flow  of  gas  into  a vacuum,  a definite 
smooth  boundary  may  be  Maintained* 

(li)  By  perturbing  the  exact  solution,  due  to  ftaylaigh,  for  s 
collapsing  spherical  or  oylindrioal  cavity  surrounded  by  incompressible 
fluid,  ona  can  show  that  the  inner  wall  tenis  to  be  stable  while  it  is 
being  aooelerated  radially,  and  tuns  table  while  it  is  being  decelerated* 
These  are  the  well-knc/tm  conditions  of  Taylor  instability.  In  addition, 
in  the  case  of  a spherical  cavity  havi  ng  inward  * radial  acceleration, 
there  is  an  instability  due  to  negative”d*mping.  ■**(  81) , (82) 

(iii)  The  stability  of  a very  long  uniform  uniformly  extending 
Jet  may  be  investigated  by  perturbation  theory  (83).  If  juppose  the 
material  incompressible,  the  steady  motion  remains  geometrically  similar 
to  itself  under  longitudinal  extension  and  lateral  contraction  even  if 
rotation  and  internal  stresses  of  plastic  type  are  taken  into  account. 

The  yieW  stirbW  fisy  even  "chango  with  time,  as  by  work  hardening. 

¥SWnr53TOTOr^npag8  23 , • .-» th  re  f erensss . _ 

fr*Fhe  instability  duo  to  negutive  damping  was  first  pointed  out  by 
one  of  us. 
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In  terns  of  time  t and  coordinates  x-  y,  contracting  transversely 
and  s extending  longitudinally  (so  that  %/  y/  /t,  and  ss  t,  are 
unsealed  coordinates),  the  equations  for  small  changes  in  velocity 
proportional  to  u yT,  v yT,  and  w/t,  take  the  fonn 


-t(%  * %] 

dp 

— 

/"dv  - \ 

J* T,  . •fW'i 

, 1 

^zv 

(f  ***') 

-H~S  * 

rr  ■ ■ 

/t 
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- Jrf5*  •%)• 

1 

7 

'p 

-H 

where  ft  la  the  angular  velocity  of  rotation  and  p^  , ...  Pst 
are  components  of  stress. 

The  pert  art a ti on  equations  are  separable  in  suitable  variables, 
but  we  still  have  to  determine  the  rate  of  change  of  empiitude  of 
various  modes  in  a complicated  linear  system  whose  coefficients  are 
variable  in  the  time.  The  frequently  observed  bifurcation  under 
rotation  may  perhaps  be  understood  qualitatively,  whan  the  solution 
has  been  carried  through* 

In  Jet  break-up  problems,  the  initially  high  internal  hydrostatic 
pressure  rapidly  drops  to  zero  and,  for  a rotating  jet,  becomes  negative, 
eo  the  assumption  of  incompressibility  may  be  not  too  far  from  the 
truth. 

8 13.  Numerical  methods 


Most  unsolved  shaped  charge  problems  are  highly  non-linear,  and 
cannot  be  solved  analytically  or  by  perturbation  methods.  Hence  they 
oust  be  solved  numerically. 

For  numerical  solution,  problems  can  be  roughly  classified  accord- 
ing to  the  mnber  Of  independent  variables  involved,  and  to- whether 
they  are  of  elliptic,  hyperbolic,  parabolic,  or  mixed  type.  Elliptic 
problems  in  n variables  involve  about  as  much  work  {8k ) as  hyperbolic 
problems  n x variables,  provided  svopt*  in  the  upa^o-liks  variables 
are  about  c A t,  where  At  ie  the  time  step,  a^d  c is  the  analog  of 
sound  velocity  (8£). 

Thus  the  simplest  shaped  charge  problems  for  numerical  solution 
concern  the  collapse  cf  plane,  cylindrical  and  spherical  cavities 
unde?  appropriate  detonation  waves,  and  involve  only  one  dimension 
of  space,  and  time.  The  order  of  difficulty  is  the  same  as  for  problems 
concerning  the  propagation  of  plane,  cylindrical  and  spherical  blast 
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waves,  on  which  much  numerical  work  has  been  done  using  desk  machines  (86). 
The  principal  difficulty  comes  in  knowing  the  rigfrit  filiation  of  states 
Once  this  is  known,  rapid  progress  may  be  hoped  for,  especially  in  the 

initial  phase*  of  collapse,  when  the  differential,  equation  is  hyperbolic. 

• 

Most  other  unsolved  shaped  charge  problems  are  too  laborious  for 
desk  machines,  and  require  large-scale  computing  machinery.  The  newer 
automatically  sequenced  computing  machines  are  fist-  enough  to  make 
practical  the  solution  of  problems  requiring  10*  or  fewer  arithmetical 
operations.  This  permits  the  solution  of  problems  of  elliptic  type  in 
two  variables,  or  provided  die  natural  mesh-ratio  &*/  A t giving 

3-eod  information  is  about,  o,  of  hyperbolic  type  in  three  variables, 
e shall  now  outline  some  problems  which  fall  within  these  limitations. 

8 li*.  Some  possible  problems 

The  first  class  of  such  problems  concerns  "steady  state"  plane 
or  axially'  symmetric  jet  formation  and  penetration  (IB  2,6).  These  are, 
in  general,  problems  of  ml»d  hyperbolic -elliptic  type  involving  two 
space  dimensions.  When  actual  time  variation  is  taken  Into  account,  we 
have  a problem  of  hyperbollo  type  involving  two  space  dimensions  and 
time. 


The  axially  symmetric  case  includes  the  general  problem  of  a smooth 
oanLoal  liner.  The  plane  cane  Includes  the  general  problem  of  a wedge- 
shaped  liner.  This  oase  also  includes  the  collapse  of  a cylindrical 
detonation  wave  on  a fluted  cylindrical  liner,  which  may  tarnish  us  some 
information  about  the  mechanism  of  spin  compensation. 

More  generally,  a steady*  state  solution  exists  if  the  initial 
distribution  of  matter  Is  two-dimensional  and  If  the  detonation  wave 
travels  in  the  third  apace  dimension.  The  most  general  case  will  give 
us  the  epiu-QQMpensation  for  e fluted  cylindrical  liner,  end  we  may  hope 
that  the  earlier  part  of  trie  motion  will  be  of  hyperbollo  type*  When, 
however,  the  geometrical  interference  leading  to  the  production  of  a 
slag  and  jet  has  to  be  taken  into  account,  the  problem  must  become  of 
elliptic  type.  The  line  of  demarcation  should  be  similar  to  the  sonic 
line  in  fluid  flow  partly  supersonic  and  partly  subsonic,  and  may  well 
include  a strong  shook. 

It  ie  tempting  to  do  the  hydrodynaaioal  (incompressible,  non- 
viccous)  oase  first,  because  the  differential  equations  are  simpler. 

Thus  the  two-dimensional  jat  can  be  compared  with  the  analytical  solution 
(I  2 above),  while  the  axially  aysswtrie  oase  has  also  been  solved 
approximately  by  relaxation  methods  (Oh)  * 

However,  the  6£>gpres<&bS»  o«n»  my  actually  be  easier  to  ■solve 
in  the  initial  phases  of  ooll&pe*  th&n  the  inoompressibls'  case,  because 
it  reduces  the  problem  to  am  of  fccyparbelid  typ*.  Indeed,  low  com- 
pressibility ie  probably  * oieadwent&g*,  asorass  it  leads  to  a high  sound 


— ■"  r 


33 

CONFIDENTIAL 


. .jsTiWAA  -A, 

'TiiiiHPiiiliriiiiiiliT 


CONFIDENTIAL 


velocity  c,  and  necessitates  using  a very  short  time  step. 

It  Is  to  be  hoped  that  the  introduction  of  plastic  forces  in  the 
liner  will  hare  the  effeot  of  viscous  forces  in  hydrodynamics  of  smooth- 
ing over  shook  fronts,  so  that  we  will  not.  need  to  complicate  the 
numerical  work  to  take  then  into  account  (6?)} to  do  so  would  probably 
take  problems  involving  two  cpace  dime ns lone  and  tine  out  of  range. 

At  the  same  time,  to  follow  a motion  started  nearly  impulsively  from 
initial  rest  should  not  get  one  into  trouble  with  turbulence.  (Thm 
actual  observed  formation  of  Mach  Y'e  including  slip  streams  at 
oblique  reflections  of  shocks  in  fluids  «ay  want  ua  not  to  put  too  orach 
trust  In  this  hope.)(90) 

The  general  problem  of  the  lap  act  of  the  detonation  wave  on  a fluted 
conical  liner  and  the  subsequent  collapse  of  the  liner  and  formation  of 
a Jet  and  slug  involves  thres  space  variables  mod  time.  Hence  it  Is 
probably  too  complicated  for  presently  available  machines. 
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CHAPTER  III 
LINER  PERFORMANCE 
John  E.  Shaw 

Ballistic  Research  Laboratories 
Aberdeen  Proving  Ground,  Maryland 


A.  Introduction 

1.  Measures  of  liner  performance 

lhe  performance  of  a shaped  charge  liner  would  logically  be 
expressed  in  terns  of  the  characteristics  of  the  jet  produced:  velocity, 
length,  velocity  gradient,  density,  and  mass  distribution.  What  this 
jet  accomplishes  in  penetrating  a given  target  depends  as  much  on  the 
target  as  on  the  jet.  However,  it  is  difficult  to  determine  some  of  the 
jet  characteristics,  while  penetration  into  a given  tar  ret  is  readily 
measured,  and  the  ability  to  perforate  a given  target  a:id  to  cause  damage 
behind  the  target  is  the  end  result  actually  wanted  in  most  cases.  For 
this  reason,  liner  performance  is  measured  in  terms  of  penetration' into 
some  homogeneous  reproducible  material,  usually  mild  steel.  Both  mild 
steel  and  -licmdgeneous  armor  are  used,  but  die  two  are  not  equivalent. 
Different  grades  or  types  cf  mild  steel  all  give  about  the  same  average 
penetration  for  a given  shaped  charge  design  but  this  is  not  true  for 
homogeneous  armor.  It  is  reported  Q.)  that  the  penetration  of  a given 
Je+-  into  steel  at  a fixed  standoff  varies  essentially  linearly  with  the 
Brinell  hardness  of  the  steel.  Recent  work  at  Ballistic  Research  labora- 
tories and  Firestone  indicate  that  the  relative  penetration  into  mild 
steel  and  homogeneous  armor  is  alsq  affected  by  standoff  (2).  The  data 
show  that  the  homogeneous  armor  is  more  effective  at  the  longer  standoffs. 
For  convenience  in  measuring  depth  of  penetration  targets  are  often  made 
cf  stacks  of  plate e 1/2 B - 3"  in  thickness . There  does  pot  seem  to  be 
any  objection  to  this  practice  if  the  plates  lie  flat  on  each  other. 

For  some  purposes,  a better  measure  of  liner  performance  is  given 
by  the  volume  of  the  hole  or  its  smallest  diameter.  For  most  purposes 
the,,  best  measure  would  probably  be  some  factor  which  indicates  the 
amirtht  of  damage  dens  behind  a given  target  plate  by  the  residual  jet 
and  spalled  material  from  the  back  face  of  the  plate.  It  has  so  far  bfeen 
diffirvlt  to  define  such  a measure  and  more  difficult  to  determine  it 
from  the  test.  In  tuia  diu^usoion  U,fcal  depth  ui  penetrat*^  ±/iio  mild 
steel  will  be  used  as  the  neafurs  cf  liryr  performance,  except  wnere 
stated  otherwise. 

2.  Factors  affecting  liner  performance 

SLap*-'4  charge  liners  have  been  made  in  a variety  of  shapes, 
including  hemispheres,  spherical  caps,  cones,  trumpets  and  combinations. 
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Cones  have  become  almost  standard,  with  hemispheres  and  trumpets 
occasionally  used  for  special  purposes.  The  results  given  in  this 
chapter  will  be  confined  to  simple  cones  except  for  some  brief  remarks 
.'.o  Section  F 3 on  double  angle  cone  <u\U  other  unusual  shapes*  The 
gross  faotors  affecting  liner  performance  arc  the  explosive  charge, 
which  will  be  discussed  in  Chapter  Y the  standoff,  and  the  diameter, 
angle,  thickness,  and  material  of  the  cone.  It  is  generally  assuraad 
that  a linear  scaling  relation  exists  for  shaped  ohargo  performance 
(Chapters  II  and  Fill)  and  thore  i"  n considerable  amount  of  evidence 
that  a linear  relation  ia  valid  d(  3)  for  this  reason,  liner  dimensions  in 
this  chapter  will  be  given  in  terns  of  cons  diameters  - the  Inside 
diameter  of  the  base  of  t\a  cone  - and  the  diameter  of  the  cons  can  be 
eliminated  as  a factor  affecting  the  liner  performance < Details  of  liner 
design  which  affect  liner  performance  Include  tapered  walla,  the  base 
flange  and  the  presence  of  a spit-back  tube.  When  a Spit  back  tube  is 
not  used,  the  configuration  of  the  apex  - whether  sharp  or  rounded  - 
seems  to  rusks  little  difference. 

The  offset  of  accuracy  of  the  liner  will  be  discussed  in  Sections 
C and  D or  this  Chapter.  The  effect  of  accuracy  of  the  complete  round 
assembly  will  be  discussed  in  Chapter  IV. 

3.  References 

Where  numerical  data  bm  given,  references  to  the  source  of  the 
data  lure  usually  provided.  The  references  most  commonly  used  are  coded 
as  follcMst 

mac  Division  8 references  arc  to  interim  reports  for  the  period 
given. 

B.  I.  DuPont  da  Hem  ours  and  Co.  - DuPont  - references  give  the 
date  of  the  report. 

Carnegie  Institute  of  Technology  reports  arc  the  "Fundamentals 
of  Shaped  Chargee"  series,  labeled  CIT-CRD-No. 

Firestone  Tire  and  &ubbor  Co.  reports  are  monthly  progress  reports, 
labeled  PTW5  Ho® 

B.  Methods  of  Manufacture 

Cones  may  be  made  'fay  any  w~  a number  of  processes.  The  most  common 
methods  used  in  the  post  are  spinning,  drawing,  casting,  machining  from 
bar  etook,  sad  electroforming  followed  by  machining. 

1 » fiakuhlng  In  tbeearly  days  of  shaped  charge  work,  v&m  the 
(Unaands  for  cones  were  small,  they  wavs  made  by  cutting  a sector  from 
sheet  metal  and  roiltng-it  to  the  desired  shape,  or  by  spinning.  Such 
methods  did  not  produce  very  good  cones  and  were  soon  abandoned.  However, 
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it  ia  reported  that  spun  conea  which  compare  very  favorably  with  drawn 
cones  can  now  be  obtained.  The  poor  performance  of  sene  of  the  early  spun 
cones  can  now  be  better  understood  in  the  light  of  recent  work  (U)  which 
shows  built-in  spin  compensation* 

2.  Drawing  When  the  demand  for  cones  became  sufficient  to  Justify  the 
cost  of  dies',  gums  were  made  by  drawing  and  this  is  the  method  usually  used 
today  for  production  quantities*  Its  advantage  is  lew  cost*  Its  dis- 
advantage ia  the  relatively  lower  accuracy  in  the  finished  cone  than  can 
be  obtained  by  machining  in  those  cases  where  jxtreme  accuracy  is  required. 
Since  the  accuracy  required  is  relative,  it  is  sufficient  for  large  cones 
but  may  not  be  sufficient  for  small  ones*  This  method  is  not  usually 
suitable  for  email  quantities  of  a given  design  on  account  of  the  cost  of 
the  diet* 

3*  Casting  Various  methods  of  casting  have  been  used.  For  a metal 
which  shrinks  whan  it  freeaes,  casting  by  itsslf  usually  gives  poor 
accuracy*  If  a suitable  metal,  probably  an  alloy,  which  yields  accurate 
and  homogeneous  eastings  ia  found,  casting  may  become  an  Important  method 
of  manufacture  for  cones*  It  has  been  reported  by  Hr*  0*  C*  Ihroner, 
formerly  of  the  Matvei  Ordnance  lest  Station,  that  cones  east  with  Zsunac  5, 
a mine  alloy,  gave  6*2  oone  diameters  penetration  in  mild  steel  targets, 
which  compares  very  favorably  with  copper  cowv*  (5)  Work  on  this  type 
of  alloy  ia  continuing  at  Firestone  and  at  B.R*L. 

U*  Machining  For  a few  cones  of  very  high  accuracy  or  where  the 
oost  per  cone  is  not  of  primary  importance,  machining  from  bar  stock  is 
preferable  to  the  methods  mentioned  above*  Annealing  the  bar  before 
machining  may  be  desirable*  ?here  may  be  seme  difficulty  In  the  machin- 
ing near  the  apex,  especially  on  the  inside*  Because  a cone  is  machinal 
it  does  not  neceaaarlly  follow  that  it  is  accurately  made;  what  is  meant 
is  that  accurate  cones  can  be  made  by  this  method  if  the  required  cars 
is  exercised* 

5*  lie ctroforming  KLectro formed  cones  are  deposited  on  an  accurately 
made  mandrel  and  so  nave  an  accurate  inner  surface*  If  machined  on  the 
outside,  means  must  be  provided  for  accurately  chucking,  and  checking*  the 
mandrel  when  it  is  put  back  in  the  lathe  to  insure  .that  the  outside  runs 
true  with  the  inside*  Carnegie  Institute  of  Technology  has  reported  favor- 
able results  with  cones  electroformed  and  peered*  without  machining  (6). 

r'°  D^hrable  Properties  of  a Liner 

aside  from  the  fact  that  a given  method  of  manufacture  nay  be  suitable 
for  use  with  one  material  and  not  suitable  for  another*  the  method  of 
manufacture  affects  the  quality  of  the  cone  in  two  wayst 

The  accuracy  of  the  cone 
Its  metallurgical  properties 
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1.  Qwngtgleal  Acouracy  The  formation  of  a shaped  charge  jet 
from  the  collapsing'oanle  le  a critical  process • Ideally,  the  vallc  of 
the  cone  collapse  and  meet  exactly  or.  the  axis  of  the  cone.  If,  for 
any  reason,  one  side  of  the  cone  collapses  at  a faster  rate  than  the 
opposite  aide,  they  will  not  meet  on  the  axis*  This  results,  generally. 

In  a crooked  jet  and  the  point  of  contact  of  the  jet  wanders  an  the 
surface  of  the  target,  giving  impaired  penetration*  Thus,  it  is  very 
important  that  Motions  of  the  cone  perpendicular  to  its  axLo.be  tree 
circles  with  centers  on  the  axis  and  that  the  walls  be  of  uniform  thick- 
ness around  a uircu&fsrsnco.  Uniform  density  of  the  metal  Is  also 
required.  Monotone  variations  in  wall  thickness  alone  a slant  height 
do  not  seem  to  be  so  important.  Wavinens  along  a slant  height  appears 

to  be  an  undesirable  characteristic.  This  la  discussed  in  greater  detail 
in  Section  D2.  Axial  symmetry  in  the  explosive  charge  and  the  assembly 
will  be  dlson&Md  in  Chapters  If  and  f» 

2.  Metallurgical  Propcrtlss  The  utallurgloal  properties  of  the 
liner  depend  strongly  on  the  method  of  manufacture  a*  wall  as  on  the 
material  and  heat  treatment.  The  metallurgical  problem  is  difficult 
to  analyte  on  account  of  the  extremely  high  pressures  and  rates  of 
etrfin  and  the  eawMStvs  ssmsnt  of  plastic  strain.  For  those  reasons 
it  oonaot  bo  snid  that  the  j&  cpertiea  of  the  jet  are  the  same  as  the 
properties  of  the  oono.  Also  it  must  be  remembered  thr.t  the  properties 
of  Importance  are  these  under  the  hi^i  pressures  end  rates  of  strain 
mentioned  above.  That  those  may  bo  vary  afferent  frea  the  properties 
under  erdUarv  ocadltiane  is  emphasised  by  the  feet  that  glass  cones 
gLvt  pmnetntio&s  in  conorete  targets  greater  than  aitfifc  be  expected 
on  the  nmstallJurgLoaln  properties  of  glean.  Nevertheless,  it  has  been 
found  possible  to  make  soma  vary  interesting  and  isportanb  correlations 
between  properties  of  .the  liner,  principally  crystal  structure  and  melt- 
ing point,  aadi  b-shatior  of  the  jet.  One  of  the  most  interesting  features 
is  ft  built  sjdn  ~‘V^2Z£"z*£.sxk  factor  in  certain  oases,  due,  apparently, 
to  an  unusual  crystal  structure  which  gave  poor  penetration  in  statio 
firings  (7). 

Theory  indicates  that  for  the  fast  moving  portion  of  the  jet  the 
penetration  obtained  is  proportional  to  the  length  of  jet  and  to  the 
square  root  of  the  jet  density.  (8)  The  assumption  that  the  jet  density 
is  the  same  as  that  of  the  ocas  is  about  as  good  a gases  as  any,  if  the 
jet  is  a continuous  one.  On  account  of  the  velocity  gradient  the  jet 
langthaza  as  it  travels.  The  stretching  of  the  jet  causes  it  eventually 
to  break  up  into  a series  of  particle*.  Thus,  if  the  jet  did  not  break 
up  into  particles,  its  length  would  increase  linearly  with  time  and  so  its 
penetration  would  increase  linoitrly  with  time  and  consequently,  with  stand- 
off. Penetration  standoff  data  shew  (?)  that  penetration  increases  with 

standoff  up  to  a saxf>j»»j8.  value  ...of.  .penetration,  the  e oeresponding  .standoff 

bOng  oallad  the  "optiiKgs*  standoff,  figure  1.  Beyond  the  optimal  standoff 
the  average  penetration  decreases  with  standoff,  while  the  best  values 
Of  penetration  appro?, oh  an  asymptotic  value.  The  decrease  in  peneti*  „ot« 
from  the  linear  value  to  the  asymptotic  value  may  be  ascribed  to  breakup 


he 
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cf  tho  Jet,  while  the  decrease  from  the  asymptotic  value  to  the  average 

value  is”  due  to  ihcreasliig  spread  OfthejSti lhua^--for-"igood''7»enBtrat±on- 

the  jet  should  be  capable  of  attaining  a great  length  before  breaking  up. 
The  ability  to  do  this  will  be  affected  by  the  metallurgical  properties 
of  the  jet.  If  experimental  penetrations  are  adjusted  feu*  the  effect  of 
density  of  the  jet  (cone),  the  following  comparison  is  obtained: 

Capper  100? 

Aluminum  110$ 

Steel  7$% 

Zinc  66% 

Lead  $0% 

Glass  1*0$ 

%e  above  figures  were  obtained  as  follows.  The  best  penetrations  for 
the  different  cone  materials  were  divided  by  the  square  root  of  the  jet 
(cans)  density  to  get  penetration  for  unit  density.  These  penetrations 
for  unit  density  were  then  divided  by  the  penetration  for  unit  density 
tor  copper  and  multiplied  by  100$.  The  figures  were  rounded  off  to  5$. 

The  best  penetrations, regard less  of  standoff  and  cono  thickness,  ware 
used.  The  MDRC  sad  uuront  data  were  used  since  t jse  covered  the  desired 
range  of  materials  and  the  relative  ao curacy  of  the  cones  was  approximately 
the  ease*  Penetrations  for  the  given  metals  were  taken  from  curves  given 
later  in  this  Chapter.  Penetrations  for  glass  cones  are  given  in  the 
AiPont  reports  for  Fa  ternary,  May,  October  and  November,  19l*3,  and  those 
dated  3 February  191*3  and  lfi  September  191*3.  These  figures  are  necessar- 
ily rough* . For  most  materials  exoept  copper  and  steel  the  number  of  tests 
was  sms  13  and  optimum  conditions  of  cone  thickness,  etc.,  were  probably 
not  obtained.  The  tests  were  conducted  during  the  war  and  the  accuracy 
of  seme  of  the  oonos  was  probably  poor.  However,  one  may  conclude  that 
Copper  and  aluminum  have  metallurgical  properties  superior  far  shaped 
ehargs  cones,  while  lead  end  glass  have  inferior  properties.  A desirable 
material  would  have  properties  similar  to  copper  and  aluminum  and  a high 
density. 

D.  Experimental  Results  of  Inaccuracies  in  the  Liner 

Two  series  of  tests  designed  to  determine  the  effect  of  inaccuracies 
in  shaped  charge  liners  will  be  mentioned. 

1.  Tests  by  Ballistic  Research  Laboratories.  (10)  Two  kinds  of 
comes  were  used  in  these  tests.  Those  designated  "Is  M?A1"  were  M9A1 
steel  cones  (1*5°,  0.037"  thickness),  out  down  to  1*  base  diameter  and 
loaded  idfe  Ocmpositloa  0*3  in  l/*#1 * * * 5  cardboard  tubes  1 1/V  x 1*H.  The 

average  variation  in  wall  thickness  cf  these  cones  was  0.007"  around  a 

circumference  and  0.0018"  along  a Slant  height.  The  average  penetration 

in  mild-steel  vrage-dlanetars.  • 

Cones  desigiated  "elcctroformed"  were  of  copper,  electro  fomed  and 
machined,  to  a hi^s  degree*  of  aceuracy  (about  + 0.0002").  Base  diameter 
m*  Cs?$0",  ihiehosfss  O.O^O*  and  apex  maria 
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Due  to  the  poor  accuracy  of  the  particular  drawn  cones,  the 
aberrations  described  below  were  necessarily  large  to  present  their 
effect  being  masked  by  statistical  fluctuations.  For  this  reason  the 
tests  were  not  of  much  value  in  establishing  tolerances.  Their  principal 
interest  is  thougjht  to  lie  in  the  effects  on  the  jet  as  shown  by  the 
radiographs* 


a.  Warping  For  this  series  1"  M9A1  cones  were  warped  by  flattening 
opposite  .sum.  When  the  width  of  the  cone  between  flat  sides  was  reduced 
to  15/16*  the  penetration  dropped  to  2 9/16" « Far  a width  of  ?/8N  the 
penetration  was  1 1/8*. 


b.  Variations  in  Veil  Thickness  For  this  series  1*  M9A1  cones 
were  ground  to  various  depths  on  different  parts  of  the  surface.  For 
Figures  2 and  3 the  thickness  was  reduced  to  0.020*  over  the  shaded 
portion.  For  Figure  2 the  penetration  was  negligible  in  each  case. 
For  Figure  3-1.  the  penetration  was  1.0  cone  diameter;  for  Figure  3-3, 
2.1*  cone  diameters.  *©r  Figures  2*  and  5 the  amount  by  which  the  wall 


thiokness  was  reduced  is  shown  on  the  photographs.  Penetrations  were 
as  follows: 


Amount  Ground  Out 


Penetration 


0.001" 

.002 

.003 

.005 

•007 

.009 

•012 


3.5  Cone  Diameters 

3.25 

3.38 

1.9U 

1.69 

1.75 

0.87 


c.  Shallow  grooves  The  Jet  shown  in  Figure  6 was  obtained  from  an 
el*  otrof armed  oone  having  5 wide  shallow  rounded  circumferential  grooves 
0.005"  deep  machined  in  the  enter  surface.  Zt  is  thought  that  the  thin 
thread  like  portions  of  the  Jet  cane  from  the  grooved  portion  of  the  ccnc 
end  the  "beads"  in  the  Jet  correspond  to  the  lands  between  the  grooves. 
Apparently  the  thin  portion  of  the  jet  is  stretching  greatly,  while  the 
beads  are  not  stretching  at  all.  Penetration  of  this  jet  was  not  obtained. 
These  tests  seem  to  bear  out  the  comon  assumption  that  variations  in  wall 
thleiaasfl  around  a circumference,  which  dist^Ha  axial  symmetry  are  more 
Important  in  causing  decreased  penetration  than  variations  along  a slant 
height,  but  the  latter  can  become  very  important,  especially  at  long 
6tandcff.  Since  every  effort  ie  now  being  made  to  improve  penetration 
at  lcr.~r  ci-ndcff,  ^THrerr-t  for  tetr — cy  alcng  a slant  height 
should  not  be  relaxed. 


■ ■ d.  Deep  prooves The coa#  fi*om  which  the"  jet  shown in  Figure  7 was 

obtained  was  electroform ed . A groove  1/32"  wide  and  0,025s  deep  was  out 
half  way  around  a circumference  (7,270"  (approximately  l/l*  of  the  height) 
fron  the  base.  The  deflection  of  the  jet  away  from  the  thinned  siaeis 


Effects  of  Controlled  Wall  Thinning  on 
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DFFORMEu  JETS  FROM  CONES  WITH  HALF 

circumferential  grooves 


FIGURE  8 


FIGURE  6 FIGURE  7 
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easily  seen.  Considering  the  length  of  the  affeotsd  portion  of  the  jet 
in  relation  to  the  width  of  the  groove,  it  would  seem  that  the  effect 
of  the  groove  is  much  greater  titan  its  width  would  indicate. 

figure  8 shows  results  from  two  X"  M$*A1  cones.  On  each  cone,  a 
groove  1/32"  wide  and  0,018"  deep  was  cut  half  way  around  a ciroumfer- 
•nee.  For  Figure  8-1  the  groove  was  2/3  of  the  height  from  the  hasej 
for  Figure  8-2,  1/3  of  the  height  freis  the  bane.  The  groove  can  be 
ss?;n  on  tha  left  aids  of  ths  ccr.cs  ir.  the  static  Acts  at  tic  top  off 
the  figure.  The  effect  of  tie  groove  oc  the  jet  is  easily  aesn  in 
Figure  8-2  and  is  servers,  lha  offset  on  tha  jet  in  Figure  8-1  is  hard 
to  mm,  since  it  is  at  the  very  tip  of  tha  jet.  Fro*  these  radlogr&phas 
(Figures  *>  and  8)  one  surmimsa  that  the  apex  and  of  tha  cone  produo.ua 
very  little  jet.  In  Figure  8-2,  tha  jet  .tvm  2/3  of  the  cone  at  the 
•pax  end  is  not  as  long  as  that  frost  1/3  of  tha  oooe  at  the  base  end. 
This  ini  suit  Is  in  agreeesnt  with  tha  gsasraliaed  Theory  of  Jet  Formation 
(11),  As  a result  of  this,  imperfections  near  the  base  of  the  ocne 
afl?»«t  a greater  length  of  jat  than  those  near  the  apex  and  so  are  more 
important  In  decreasing  penetration.  This  fact  la  auphriiaed  by  the 
remits  of  the  Bndd  Company  work  described  in  the  mart  Motion* 


2.  IpertitntB  hr  tbs  ^udd  Otemanv  (12)  la  testa  made  in 
o'Vffleotion  wilh  the  development  or  tfce  90en  HSAT  round  T106,  the  Budd 
Company  used  standard  liners  machined  to  give  controlled  inaoouraciea. 

Thd  ekanisid  liner  was  of  copper,  about  •?  y/k*  inside  base  disaster, 
0.062"  thick,  . The  variation  in  well  thioknaas  was  of  tha  order 
of  0.001**  both  oiroumferentislly  and  longitudinally.  For  one  aeries, 
a ciroweferantial  variation  of  about  0.C05"  was  maohinud  on  the  out*»r 
surface;  for  another  series,  max  Inn  variations  of  0.010"  (0.006" -0.016") 
were  machined  u<  ti*.  outer  surfaos.  The  variation  was  taro 'near  the 
boss  and  a maximum  rear  the  junction  of  the  com  and  spit  back  tube,  so 
that  it  warn  both  circumferential  Mid  longitudinal.  A .third  aeries  was 
machined  on  the  outer  surface  to  give  four  0.010"  waves  simulating  tha 
surfaos  resulting  tvm  drawing  operations.  Other  series  with  ■eccentri- 
cities in  the  spit  back  tuba  were  also  made,  The  targets  consisted 
of  9"  of  green  armor,  followed  by  mild  steel,  at  6"  (2,2  cone  diiuwatars) 
standoff.  Results  wars  as  follows  i 


Ho.  Rnda. 

Ay  a.  Pern. 

Std.  flov. 

Cone 

20 

13=2" 

0.92" 

Control 

10 

13.1" 

1.U6" 

0*010"  longitudinal 
variation 

10 

10.8" 

0.98" 

0.00?"  Clrciwfarential 

variation 

9 

10.1" 

0.91” 

0.010"  Wavy  wall 

kvw«pu*  imgvs  rgj?,yf^"Jc*<a  i fxwbww*  ■ 
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In  conclusion,  one  can  ssy  Ui* t,  for  maximum  penetration  frtiwi 
simple  oones  the  axial  symmetry  of  the  liner  should  be  as  nearly  perfect 
as  can  be  obtained  especially  near  thw  base  of  tits  coneu  Deviations 
from  axial  symmetry  not  only  reduce  penetration,  but,  in  a lot  with 
random  deviations,  even  small  average  deviations  may  result  in  a large 
dispersion.  Variations  in  vail  thickness  along  a slant  height  are  also 
Important,  but  thair  effect  is  not  as  serious  as  those  around  a circum- 
ference. The  requirement  of  axial  symmetry  extends  also  to  the  explosive 
charge  and  the  assembly  as  veil  as  to  the  cone. 

K.  Tolerances 

As  a result  of  general  observation  and  of  tests  similar  to  those 
described  In  Section  D2,  tolerances  on  cone  dimensions  have  been  recom- 
mended for  some  designs.  This  does  not  Amply  that  there  exists  a tolls  r- 
anc«s  within  which  the  cone  performs  properly  and  beyond  which  It  does 
net  perform  properly.  Any  deviation  of  the  cone  from  e*J*l  wwsatry  will, 
in  the  long  run,  result  In  a degradation  in  perfomanoe,  either  in  average 
penetration  or  variability,  or  both.  However,  It  mast  be  remmabered  the-fc 
mxtrcae  accuracy  In  cone  manufacture  la  very  expensive.  Tbs,  tolerance 
allowed  must  be  a compromise  between  the  desire  for  top  performance  from 
the  round  and  what  one  is  willing  to  pay  for  it. 

For  thv  90n a T1O0  round  mentioned  in  the  prevloua  flection  the  follow- 
lag,  tolerances  were  recaenended  in  the  Aberdeen  Proving  Ground  fmamaAxa 
Reporti  (12) 

0.001"  Maximum  wall  variation  in  transverse  plena 
0„005a  Maximum  wall  variation  In  longitudinal  plane 
0,003“  Maximal  wariness 

These  were  simple  copper  nones,  45°  apex  angle,  2 3/4"  diameter,  0.062" 
wall  thickness. 


Kecaaaanded  tolerances  for  wall  thioknrtaB  of  the  blank  for  57mm  and 
105ms  cones  (fluted  oones,  rotated)  are  given  on  page  2|3,  Chapter  VTTT. 
Tbs  plm.  liners  are  about  1 ll/l6“  diameter,  0,054  thickneesj  the  105nw, 

3 1/4"  diamete#*'  0.100"  thickness,.  These  tolerances  seem  a little  more 
libers!  than  these  quoted  for  the  90m » Sines  tho  latter  were  determined 
trm  firings  with  lr. Accuracies  of  0.0o4K  - 0.005"  in  wall  thickness,  it 
Kiiobt  b«  possible  to  bring  the  90m  tolerance  si  in  line  with  the  $7nm  aid 
lOsma.  General  observations  of  miscell&nsous  tests  indicate  that,  for 
3/4"  disaster  45°  electrofomed  eone*,  variation  in  wall  thieknsse  should 
bo  loss  than  0.001"  for  0.025"  thiok  cough  and  not  metro  than  0.002"  for 
0,050*  thick  cones. 


On*  might  expect  tolerances  on  wall  thickness  to  increase  with  the 
thickness.  Sspes^rtoe  with  Small  oones  (3 /hr  diameter)  has  indicated  that 
a iff>  inaccuracy  on  0-025"  cones  is  more  damaging  than  a 45  inaccuracy  on 
0.050"  aoiia'3*  However,  this  may  bo  due  to  ‘the  case  with  which  thin  cones 
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become  out  of  round  due  to  handling.  It  was  found  that  particular  care 
must  be  taken  wi„n  0.01';"  cones  to  prevent  this.  The  writer  has  seen 
no  discussion  about  whether  large  diameter  cones  requl^n  mailer  percent 
tolerancos  than  small  diameter  cones,  th  cugh  this  \4u60 bluii  moxxts  con- 
sideration, 

F , The  Effect  of  Design  Parameters  on  Penetration 

Tho  effect  of  standoff,  cone  thickness  and  cone  angle  will  be 
presented  in  the  form  of  graphs.  These  curves  ai-e  based  on  data 
published  by  various  groups  of  investigators  working  at  different  places 
and  different  times.  Undor  these  conditions,  differences  In  results  are 
to  be  expected.  It  is  to  be  remembered  that  cones  available  in  the  early 
days  of  shaped  charge  investigation  were  of  relatively  poor  manufacture, 

Aa  the  importance  of  accuracy  became  known  and  methods  of  manufacture 
improved,  tho  quality  of  cones  improved  and  this  resulted  in  increased 
average  penetrations  and  smaller  dispersions,  especially  at  the  longer 
standoffs. 

This  subject  is  most  readily  divided  into  early  work  and  recent  werk. 
Where  cyclotol  and  pontollte  are  quoted  as  the  explosive,  tho  usual  com- 
positions, 60/1*0  RDX/TNT  for  cyclotol  and  $0/50  PETN/TNT  for  pentollte, 
were  used,  unless  otherwise  stated* 

1,  Early  work  with  simple  cones  - Figure  9 shows  penetration  of 
steel  cones  into  mild  steel  targets  for  .10°  cone  angle  and  various  cone 
thicknesses.  This  work  was  done  in  the  early  part  of  the  war  and  the 
quality  of  the  conos  was  probably  not  too  good,  Cones  were,  generally, 

1 $/8H  diameter,  cast  in  1 $/8H  unconfined  pentol.it*  charge*  of 
length  and  fired  statically  at  aero  obli<jiity,  Bach  point  was  the  average 
of  5>  shots  except  where  shown  on  tb"  graph.  Curves  were  drawn  by  eye, 
with  *ome  attempt  made  to  keep  .ill  curves  of  one  family  of  the  same  geisral 
fom.  For  most  of  this  work,  the  dispersion,  especially  at  long  standoffs, 
was  large. 

The  general  characteristic  of  penetration-standoff  curves  for  cones 
of  early  manufacture  is  a maximum  penetration  at  a small  optimum  standoff, 
the  penetration  dooreasing  sharply  for  larger  standoffs,,.  The  optimum 
standoff  increases  with  the  oone  angle. 

Similar  ourves  can  be  plotted  fee*  larger  angle  cones  from  the  data 
given  in  the  NDRG  Div,  8 interim  reports  and  the  DuPont  reports. 

From  these  data,  the  maximum  penetration  for  any  standoff  is  plotted 
in  Figure  10  for  the  different  cono  angles.  Figure  11  shows  the  optimum 
standoff  and  thickness  as  a function  of  the  cone  angle.  Since  stoel  is 
not  regarded  favorably  as  a Liner  material,  this  data  is  of  limited  uoo= 
fulness,  but  material  shortages  in  an  all  out  war  may  force  the  use  of 
stoel  again,  Tho  data  do  show  that  standoff,  cone  thickness,  and  con* 
angle  are  inter-related  and  that  if  any  of  those  is  changed  it  may  be 
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necessary  to  change  the  others  for  best  results.  As  an  exanp-le,  a com- 
parison of  cones  of  different  angle  may  not  be  unbiased  unlfl&a  the  thick- 
ness is  also  changed. 

Figures  12  and  13  show  penetration  as  a function  of  stiradoff  for 
1*5°  copper  cones.  Here  there  is  a distinct  difference  betwaimn  the  two 
sets  of  data  at  the  longer  standoff*. . The  reason  for  this  difference 
is  not  knowft  positively  but  it  is  probably  due  to  a difference  in  quality 
of  the  cones,  since  recent  work  wi  th  cones  of  high  accuracy  t^end  to 

2 Grif  i*— » tbs  TVP/wf  H a fa  _ 

Figures  1U  and  15  give  the  results  for  aluminum  cones.  They  show 
the  characteristic  property  of  aluminum,  the  fact  that  penetration  holds 
up  well  at  long  standoff.  Due  to  its  low  density  one  might  ewpect  that 
aluminum  liners  should  be  thick  as  compared  to  steel  or  capper,  but 
Figure  11*  does  not  show  any  advantage  for  the  thloker  liner*. 

Figures  16  and  1?  show  the  performance  of  zinc  and  lead  cones, 
neither  of  which  are  at  present  of  considerable  Importance.  However, 
as  mentioned  previously*  the  Naval  Ordnance  Test  Station  hei  recently 
reported,  informally,  excellent  results  from  a castable  sine  aJ.qy, 

2,  Recent  work  with  a imp  la  cones  Figures  16-21  show  penetration 
as  a f\i notion!  of  standoff  jfor  oojppe r , steal  and  aluminum  cones  of  a 
constant  thlokness  for  oone  angles  or  22°,  66*  and  88  . The 

tondeney  of  aluminum  to  maintain  its  penetration  with  incmelng  standoff 
is  evident,  as  is  also  the  tendency  for  optimum  standoff  to  diner* too  with 
oone  angle.  These  curves  do  not  necessarily  show  optimum  rmults  aa  the 
thlokness  may  not  be  the  beat  for  seme  angles. 

Figures  22-21*  show  results  obtained  under  conditions  wrjr  different 
from  those  for  the  previous  data.  These  charges  were  fired  in  shell  bodies 
or  oases  closely  simulating  shell  bodies,  Thun,  the  explosimm  charge  was 
Short,  in  comparison  with  its  diameter,  and  fairly  heavily  confined . The 
accuracy  of  the  cones  was  very  good.  Figure  22  dhows  a very  good  pene- 
tration, fairly  flat  penetration-standoff  curve,  and  a long  optimum  stand- 
off. Figaro  23  shows  an  optimum  cons  thickness  of  3%,  which  is  somewhat 
heavier  than  that  for  unoonfined  charges.  This  is  in  agreement  with  the 
genoral  observation  that,  if  the  ohargo  diameter  is  Increased  or  the 
charge  is  eonfined,  the  thickness  of  the  oone  should  be  inor-'eased  for 
optimum  penetration  (13 )»  Figure  21*  gives  the  results  of  w -lying  the 
oone  angle  under  different  conditions  of  constant  explosive  loading. 

The  results  are,  therefore,  not  of  general  application.  A jnsnetration 
standoff  curve  obtained  from  firings  at  the  Ballistic  Research  laboratories 
is  given  in  Figure  2$.  Those  were  drawn  105mm  cones  of  goed.  accuracy 
confined  in  shell  oases  and  fired  against  mild  steel  target* , Pene- 
trations were  unusually  good  and  held  up  well  at  long  standoff. 

Figures  26-28  give  the  results  of  recent  firings  at  the*  Ballistic 
Research  Laboratories  and  not  yet  reported.  ' Those  were  aiul  1 cones, 

0,750"  inside  diameter,  of  electroformed  copper  machined  on  the  out- 
side to  about  ,0005*  tolerance.  They  were  fired  in  unconfirmed  -pentolite 
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charges  whoso  diameter  waa  20%  greater  than  the  cone  diameter,  and  of  a 
sufficient  length  (2  cone  heights  above  the  apex)  to  insure  that  pene- 
tration was  not,  restricted  by  short  charge  length.  The  ccne  thickness 
was  much  greater  than  thrb  usually  used.  Figure  26  gives  penetration 
aa  a fUnution  of  standoff  for  30°  cones.  Similar  curves  wore  obtained 
for  20  , U6  , and  60°  cones.  The  rosulte  of  most  interest  are  those  for 
the  small  angle  cone3,  which  gave  excellent  penetration  and  a large 
optimum  standoff.  This  is  at  variance  with  previous  results  for  steel 
cones  of  smaller  wail  thickness  and  with  charges  the  same  diameter  »* 
hive  oone,  for  whioh  both  optimum  standoff  and  maximum  penetration 
uyciwase  with  oone  angle  (Compare  Figs.  10  and  13.  with  Figs.  27  and  28). 
However,  Figure  9 doss  show  the  penetration  increasing  with  cone  thick- 
ness even  up  to  the  maximum  thickness  fired*  Figure  27  shows  that  the 
oone  thickness  is  not  critical  for  it6°  cones,  but  this  in  not  true  for 
other  ar.glnn  especially  20°  cones.  Figure  28  shows  maximum  penetration 
as  a function  of  oone  angle.  It.  is  thought  that  the  differences  In 
optimum  standoff  given  are  not  of  any  significance,  since  no  definite 
trend  is  shown  a.id  the  penetration  standoff  curves  are  fairly  flat.  The 
optimum  thickness  for  U6°  seems  a misfit.  It  is  possible  that  a trend 
in  thickness  might  be  shown  if  intermediate  thicknesses  between  0.033 
and  0.066  had  been  used. 

3.  Bimetallic  cones  and  nwvcoftlcal  shapes  The  term  "bimetallic 
cones"  will  be  applied  to  oones  consisting  of  in  inner  layer  of  one 
metal  with  an  cuter  layer  of  another  metal.  It  does  not  lholude  oones 
the  apex  end  of  which  is  of  one  metal,  the  base  end  being  of  another 
metal*  In  most  cases  the  oouposite  cone  consists  of  two  separated 
cones  nested  in  intimate  contact.  However,  in  the  case  of  ooppor  clad 
steel,  the  two  metals  arc  bonded  together.  The  following  penetrations 
into  mild  steel  targets  by  U5°  oones  1.63"  diameter  are  reported.  For 
comparison,  results  from  single  metal  conns  as  reported  elsewhere  in 
this  Chapter,  are  gLvon  in  etch  case. 


Gone  Thickness 


Outside  Center 

Inside 

Total 

Standoff 

Penetration 

Reference 

St.  0.017"  — 

Ai  O.ohD" 

.035  C.D. 

7.U  C.D. 

2,6  C.D, 

HDRC  Div  8 12/15A3 

Aluminum 

.036 

7.U 

2,6 

Du  Pont  y/l8/u3  , 

St.  .036" 

AX  0,036" 

-ohh 

5,5 

3.5 

Aluminum 

.036 

5.5 

2.9 

Du  Pont  2/5A5 

ID/Vfe  | 

♦St.  .018" 

Cu  ,012" 

.018 

0,9 

U.o 

♦Cu.  .005*'  St.  -0l8*Cu  .018" 

.025 

1.0 

h,0 

Copper 

,02U 

1.0 

U*3 

Du  Pont  10/1A5  ! 

♦♦Cu.  .010"  St,  .029"Cu  .02^" 

.031 

1.2 

U.3 

Copper 

.031 

1.2 

h«6 

Du  Pont  9/18 A3 

St.  ,036s 

Cu  .036" 

.oI4i 

2.5 

h.'i 

Copper 

.03u 

l.u 

5.o 

Du  Pont  8,  9 A3 

St.  .018"  ‘ 

Cd  .006" 

.015 

,9 

3,o 

St-361 

.015 

1.3 

3*5 

i 

♦ Copper  Clad 
♦♦Copper  Clad,  U?  , 

2.07"  dia. 
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Non-conical  shapes  include  hemispheres  and  spherical  caps,  trumpets, 
and  combinations. 

Radiographs  indicate  that  hemispheres  do  not  collapse,  with  the 
formation  of  a jet,  as  do  cones)  they  turn  inside  out  before  collapsing, 
the  whole  Uner  being  projected  as  a stream  of  particles.  Spherical 
caps  (segments)  are  fragmented  and  projeoted  as  a cluster  of  partioles 
which  may  be  more  or  leas  focused,  depending  on  the  curvature.  The 
following  data  have  been  reported  for  hemispheres i 

Coniine- 


Mats,  ‘.al 

Dia. 

Thiokn«s« 

Standoff 

Brass 

2.375" 

0.021  Din. 

2.5  D 

Steel 

1.37" 

*033  D 

.4  D 

.052  D 

• 9 D 

1.63" 

.020  D 

3.7  D 

1.88" 

.027  D 

4.3  D 

*2.38" 

.021  D 

3.8  D 

2.38" 

.026  D 

3.8  D 

Cu 

1.63” 

.015  D 

3.7  D 

1.88" 

wO??  D 

4.3  D 

1.88" 

.027  D 

3.2  D 

A1 

1.38" 

.056  D 

9 D 

.058  D 

18  D 

Cd 

1.38" 

.033  0 

9 0 

.049  D 

18  D 

* With  Spitback  tubs 
*»  British  Report 


Penat.  raent  Reference 


2.0  D 3"  OD  St-  NDitC  Div  8,6/15/44 

2.9  D **ARD/Ejqpl  172/U3 

1.9  D 

3.1  D 2"  OD  St.  OSRD  5598 

2.6  D 2jj"  OD  St. 

2.9  D 3"  OD  St.  NDRC  Div  8, 7/15/44 

3.0  D 3"  OD  St. 

2.0  D . CIT-ORD-16 

30  0 2r"  00  St-,  osrd  5598 

3.2  D 4"  00  3t.  NDRC  Div  8,6/l5A4 

1.6  D * ARD/Expl  172/1*3 

1.5  D 

1.7  D JUiD/Ejqpl  172/1*3 

0.8  D 


Some  work  nas  taan  done  with  spherical  segments  especially  by  the 
British.  The  results  were,  generally,  poorer  than  those  from  hr.mi spheres. 


"no  following  results  have  been  obtained  for  ♦»*v!!Bpeiat 

Penct.  Shape 

2.6  D Hare  iron 
20°  to  120° 


Material 

IHa 

Thickness 

Standoff 

Fe 

1.63" 

.021  D 

1.2  D 

2.5  D 

1.90" 

.03?  D 

1.1  D 

On 

1.63" 

.031  D 

2.5  D 
3.7  D 

5.2  D 

1.63" 

.031  D 

1.2  D 

•5  1,0” 

.028  D 

2.1  D 

Re  fernnee 

NDRC  riv  B,  U/15A3 


* Point  initiation 
^Peripheral  initiation 


,n} 


3.4  D 

3.7  D Ht  1.81"  Rad.  OSRD  5598 

2.85” 

2.9  Rad.  1.50"  3/8"  Dia.  C£ T-0RD-R3 

3.7  D 2.50"  flat 

5c?  D 3.50"  .apex 

4.0  D OSRD  5598 

4.9  D*  Rad.  4.85"  - r"  Dia.  BRL 

6.4  D**  Rounded  apex  unpublished 
Electrofonned  liners  of  doubtful  quality. 

The  penetration  of  similar  45°  cones  was  5*1  Din, 
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Interest  in  double  angle  conns  has  been  revived  recently,  due 
largely  to  certain  advantages  shown  for  live  French  73wm  round*  Early 
firings  ot  double  angle  rones,  in  which  the  change  from  one  angle  to 
the  other  was  Bade  abruptly,  did  not  show  any  increase  in  penetration 
for  the  double  angle  (lit)*  In  the  French  73nm  round,  the  change  frow 
one  angle  to  the  other  was  made  smoothly  and  the  liner  wall,  was  tapered. 
This  round  gave  peak  performance  at  normally  available  standoffs.  (1*) 

An  almost  infinite  variety  of  combinations  is  pGoSibl**  Complete 
coverage  would  be  too  lengthy  for  tills  Chapter,  especially  since, 
generally  speaking,  the  penetrations  achieved  from  then  are  Inferior  to 
those  from  cones.  The  following  references  are  suggested! 

Combinations  of  oonas,  hemispheres,  and  cylinders! 

IXiPont,  18  September  19U3 
CIT-ORD-16 

OTIB  llU6a  (Translation  of  (Jarman  deport) 
ofWD  5*98 
BRL  filtS 

Helmet  and  bottle  shapes  (Carman  Work) 

oub  nue 
otcb  11)49 

HJ5C  <£B7 
HBO  *919 

Q.  The  Effect  of  Liner  E»  veils  on  Penetration 

1*  Tapered  walls  The  British  suggested  (16)  that,  sinoe  the  thioic** 
ness  or  liners  mould  seal*  an  the  diameter,  a ocne  would  logically 
be  thicker  at  the  base  than  at  the  apex*  This  idea  has  been  followed 
up  by  several  groups  of  investigators).  Only  a few  results  will  be 
mentioned* 
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reported  by  NiMC,  Div.  0 


U5°  Steel  Cones 


Thida~.s3a  at.  Base  Thickness  at  Apex S,  Q.  Penetration 


C.  D. 

0.006 

.02$ 

C«  D. 

0.025 

.006 

C.  I). 
1.2 

1.2 

C.  D. 

2 .6  11-15-U3 
2.9 

.055 

.007 

lell 

? *6 

.017 

.029 

l.U 

3.0  5-15--UU 

.027 

.0U3 

l.U 

2.5 

.018 

uniform 

■HI 

3 .1*  from 

.022 

uniform 

2.5  Fig.  11 

U5°  Copper  Cones 

•027* 

2.2 

5.6  FTRC  21 

.029 

uniform 

2.2 

5.2 

•'Jhiokneas  measured  at  reference  points  0,.*lia  C.  D. 

and  0.8U  C 

. D„  from  base. 

Imported  tor  Cameaie  Institute  of  Technology 

US0  Cooper  Cones 

Thickness  at  Base  Thickness  at  Apex 

S.  0. 

MMS 

Penetration 

.030 

.020 

3.0 

5.70  ** 

.030 

uniform 

3.0 

5.37  CIT-0HD-U6 

.037 

.029 

3.7 

5.53  *• 

.037 

uniform 

3.7 

5.85 

.023 

ui  ..form 

3«7 

U.75 

Double  Taper 

3.0 

3.07 

.031 

uniform 

3.0 

3.1(3 

♦■•Machined  .from  drawn  liners.. 
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In  general,  it  doo3  not  seam  likely  that-  sny  very  Appreciable 
improvement  in  performance  can  be  obtained  by  the  uan  of  tapered  wall 
cones,  within  the  range  of  the  above  data,  However,  it  is  possible  that, 
if  the  right  combination  of  thickness  and  taper  can  be  found,  improved 
results  may  be  obtained* 

2«  Wires  and  other  obstructions  within  the  cavity  a vary  large  number 
of  tests  'have  been  conducted  to  find  ihe'  effect  of  wires, cwlla,  simulated 
firing  pins,  etc*  placed  within  the  cavity  of  the  cone  or  on  the  axis  in 
front  of  the  oone*  ibraotlcaiiy  all  of  these  items  wen*  in  connection 
with  fusing*  All  such  obstructions  almost  invariably  cause  very  serious 
inq-airment  of  the  penetration,  often  as  m-  ch  as  $0?.  Details  will  not 
be  given  here,  but  those  interested  may  refer  to  NDRC  Oiv.  8 Interim 
reports  1?  February  1914* , and  15  February  39)*5,  DuPont  reports  for 
April  and  May  19b3,  Firestone  Hoports  Mo.  16  and  19,  and  OSW)  $599* 

3*  Flanges  Tho  effect  of  the  base  flange  of  the  cone  on  the  jet 
formation  is  somewhat  curious.  The  DuPont  workers  reported  (17)  the 
following  data  for  M9A1  steal  canes  1*5°,  1.63“  base  diameter,  flange 
2*0“  diameter,  unconfined » 


Ola.  of  Explosive 


2.00 


Penetration  in  MS  at  1“  S.O. 

5-U5" 

5.70 

U.5o 

b*oo 


Mo,  Rds. 


b 

5 

5 

5 


As  the  diameter  of  the  explosive  is  increased  beyond  the  cons  diameter 
there  la  a slight  lnoreass  in  penetration  followed  by  a decrease*  NDRI 
Div.  8 (18)  followed  this  up,  with  the  following  results!  M9A1  steel 
oonee  unoanfined  at  2*  8.0 ^penetration  in  stf. Id  steel  targets* 


DU. 

of  Explosive 

With  Flange 

Without  Flange 

1.63" 

5.39" 

1.75 

6, ,06 

5 4*9* 

1,88 

5.39 

5.-35 

2.00 

b.30 

5.3b 

For  1 3A" 

diameter  oharges  in  1 3A  * 2“  steel  tubing! 

With  flange 

s b.12" 

Without  “ 

5.33“ 

For  1 lAB  diamater  charges  in  1 3A"  x 2 lA*'  steel  tubing! 

With  flanges  1**33" 

Without  '•  S.Q?» 
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firestone  reported  2 aeries  of  testa  as  Tallows;  (19) 

Explosive  backed  flange  10  .W  Penetration 

■No  explosive  on  flange  18*  Th  Penetration 

Explosive  backed  flange  8.£0  Penetration 

No  explosive  on  flange  16.21  Penetration 

These  were  for  heavily  confined  charges. 

Recently,  Carnegie  Institute  of  Technology  has  reported  the 
> allowing i (20) 

H9A1  steel  cones,  penetration  Into  mild  steel  targets,  Utt  standoff. 


Not  confined 


" stool 


The  velocities  and  the  velocity  gradients  along  a Jet  are  quite 
sensitive  to  the  times  of  arrival  of  the  release  wave  at  the  liner. 

Since  the  release  wave  is  Initiated  at  tho  eharge  boundary,  any  change 
in  the  geometry  will  consequently  cause  « change  In  the  velocity  and  in 
the  velocity  gradient.  With  the  larger  diameter  oiuirgt,  which  hue  an 
explosive  belt,  the  major  portion  of  the  release  wave  iai  initiated  on 
the  lateral  surfaco,  but  a small  portion  is  initiated  along  the  base 
of  the  explosive  shoulder  during  the  later  stages  of  the  cone  collapse 
process.  This  small,  portion  of  the  release  wave  produces  a greater 
gradient  in  the  velocities  of  the  rear  elements  cf  tho  Jet,  which 
contain  a large  fraction  of  the  jet  muss.  To  bo  of  benefit,  the 
magnitude  of  this  gradient  shc/uld  be  neither  too  great  nor  too  small. 

If  it  is  too  large,  this  portion  of  the  Jet  will  break  up  quite  rapidly 
and  become  ineffective.  If  it  its  too  small,  proper  lengthening  will  not 
be  achieved  for  efficient  penetration.  This,  in  essence,  explains  the 
obsorved  optimum  charge  diameter  for  a liner  of  giv&n  base  dimension. 

Consider  the  2*  diameter  charges,  completely  unconfined.  As 
oj^tlained  above,  moat  of  the  release  wave  has  been  initiated  along  the 
side  of  the  charge.  The  part  of  the  wave  originating  from  tho  base 
affeots  only  a small  portion  of  the  cone,  thus,  the  short  delay  caused 
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by  the  confining  action  of  the  thin  flango  is  a •’°cond  order  effect  and 
can  be  neglected,  a 3 the  penetration  depth*  indicate-  Win?**  lAM  steel 
tubing  is  used  as  lateral  confinement,  the  3hook  conditions  \re  altered, 
in  that  the  release  wave  from  the  'Lateral  surface  is  delayed  considerably. 
Under  those  conditions,  the  position  of  tho  reioaao  wave  propagating  from 
the  base  of  the  charge  affects  a greater  portion  of  the  liner  and  plays 
a more  important  role*  The  slij^t  delaying  action  caused  by  the  base 
flange  is  enough  to  increase  the  magnitude  of  the  velocity  gradient  at 
the  rear  of  the  jot  to  the  point  where  break-up  begins  to  occur.  The 
affftr.Mve  length  of  the  Jet  wi  ll  than  bo  aornwhat  greater-  fur  the  marge 
without  the  flange  than  for  tho  charge  with  the  flange.  Tho  observed 
penetrations  show  that  this  is  the  case*.  With  the  charges  having  the 
heavy  base  confinement,  but  no  lateral  confinement,  the  effeot  will  be  to 
nearly  eliminate  the  initiation  of  a release  wave  from  the  charge  base. 

The  consequence  will  be  very  little  gradient  in  the  velocities  of  the 
real*  elements  of  the  jet,  which  will  lead  to  a shorter  Jot  and  le  ss 
penetration.  When  both  lateral  and  heavy  base  confinement  are  intro* 
duoed  we  alter  the  shook  conditions  so  that  there  is  the  combined  effect 
of  an  increase  lr.  the  impulse  available  to  the  liner  and  the  absence  of 
any  release  wave  Initiated  from  the  base  of  the  charge.  This  results 
in  a still  shorter  Jot.  The  penetration  data  substantiate  this.  BRL 
£0J>  gives  a radiographic  study  of  the  effect  of  tho  flanges,  ns  a follow 
up  to  the  WDftC  penetration  study,  vfhan  the  diameter  of  the  explosive  is 
the  same  an  that  of  the  base  of  the  cone.  (See  Fig.  29)  The  -adiographs 
show  that,  near  the  end  of  the  collapse  process,  the  cone  proper  pvlls 
loose  from  the  flange  fit  a point  near  the  base.  The  flange  ring  appears 
to  remain  stationary  whil«‘  Jot  and  slug  move  forward  through  the  ring. 
When  the  flange  is  baokod  by  explosive  to  half  (See  Fig.  30)  or  all  of 
its  width,  the  portion  af  tho  fl:m fp?  no  baokod  is  projected  forward  na 
n cylindor  of  fragments , converging  toward  tho  axis  at  its  front  end. 

There  hau  boon  somo  tendency  in  the  past  to  interpret  ttn.su  radiographs 
as  indicating  that  thin  nlcnid  of  fragments  interrupted  the  jet.  That  a 
target  so  nebulous  as  the  cloud  of  fraernent.s  could  interrupt  tho  jot 
seems  soswwlwt  incredible.  The  only  tiling  the  radiographs  show  is  that 
when  the  flange  is  backed  by  explosive,  tho  jet  either  is  interrupted 
or  is  very  short,  and  when  the  flango  is  not  backed  by  oxplosivo,  She 
jet  la  normal.  iJo  evidunco  subatantiatlnE  any  explanation  is  gi  ven  by 
thrt  radiographs. 

U.  faffed,  of  aplt-back  tub  or;  Tor  some  typos  cf  fusing,  a small  tube 
called  a spit-back  tubo,  Ta  attachud  to  thu  apex  end  of  the  cone, 
extending  away  from  the  cavity.  The  portion  of  the  apex  iri3ide  the 
apit-back  tube  is  removed.  For  M9A1  stool  cones  in  unconfined  charges., 
the  presence  of  the  spit-back  tube  caused  little  change  in  penetration 
or  a slight  decrease.  (71.)  l-or  copper  liners  in  confined  charges, 
there  was  no  change  or  an  increase  up  to  20"  (2?). 

$,  Effect  of  annealing  Kesults  of  feasts  to  determine  tho  offsets  of 
annealing  and  o/  Harden!  ng  a tool  enner  ( P ,3 ) 3how  that  tho  penetration 
from  drawn  MyAl  cones  is  not  changed  by  annealing  but  that,  it  bo  comes 
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figure;  30 
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progressively  lass  aa  i>no  hardness  ia  increased * Drawn  "opper  cones  (24) 
I’hvjw  no  change  with  annealing,  Uauulsa  at  tho  ballistic  lies  car  eh  Labora- 
tories show  that  east  berylll  mn  copper  conns,  whose  normal  penetration 
was  low,  were  improved  by  annealing;  eloetrofomed  copper  cones  were  not 
affected  by  annealing,  except  that,  when  the  annealing  temperature  wae 
increased  to  l40G°S,  the  ones  blistered  on  tho  inner  surface,  with  a 
decrease  in  penetration;  and  that  conos  made  by  a 3hoar  forming  process, 
whioh  worked  the  metal  so  severely  that  its  structure  was  impaired,  wore 
improved  by  annealing,  A complete  and  int-. eating  discussion  of  tho 
effects  of  annealing  on  copper  cones  *ro  contained  in  a BliL  report  {29)  • 

These  results  may  bo  summarized  a3  follows* 

Annealing,  if  not  carried  to  high  temperatures,  ia  neither  harmful 
nor  beneficial  unless  the  metallurgical  condition  of  the  liner  is  very 
poor. 


If  the  metallurgical  condition  of  the  liner  is  very  poor,  annualing 
1*  beneficial. 

Hardening  of  steel  liners  is  detrimental. 

H,  Jet  Velocities 

1.  T nl  td  *1  uelool  ty  The  velocity  of  the  hoad  of  the  .let  is  usually 
obtain* cflfrori  sTr©aIc'’oinujra  records.  What  tho  camera  actually  photographs 
ia  the  luminous  shook  in  air  associated  with  eh«  hoad  of  the  jot.  Often 
the  head  of  the  jet  is  ill-dofined  in  that  it  is  surrounded  by  a shroud, 
the  exact  nature  and  cause  of  which  is  not  completely  understood. 

Initial  velocities  are  apt  to  have  a large  dispersion. 

Figure  31  shows  the  variation  of  jet  velocity  with  cone  thickness 
for  45°  and  for  80°  atoel  oonesi.  Some  data  are  available  for  60  , 100° 
and  120°  ccnes,  the  results  being  similar  to  those  shown.  Figure  32 
shows  the  variation  with  cone  angle  for  0.020"  thickness  and  for  0.037M 
thickness.  AH  rounds  wore  1,63"  diameter,  cast  in  pentolite  charges, 
unoonflnedo  In  drawing  the  curves,  the  points  for  100°  were  ignored. 

It  should  also  bo  mentioned  that,  for  some  of  the  data,  it  was  necessary 
to  infer  the  thickness  from  tho  weights  given  and  this  may  have  intro- 
duced small  errors  in  some  of  the  points. 

figures  33  and  34  aria  from  unpublished  data  recently  released  by 
Carnegie  Institute  of  Tochnolo,y  for  cones  of  stool,  copper  and  aluminum. 
These  data,  ospecially  for  copper  and  aluminum,  are  a valuable  addition 
to  out  knowledge  of  jet  characteristics. 
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The  following  miscellanoous  data  are  available. 


Cone 

Materiel  tfiel.  Angle 


Thiok. 


Jet  Volt  No. 

Explosive  MM/pSec<.  hounds 


inference 


A3, 

1.63 

1*5° 

0,O)i6" 

Pent 

8.39 

8 

NDRC,  Jul.  15-Aug 

15  19U3 

Ou 

1.63 

US0 

0,029“ 

Pent 

7.39 

3 

Sant 

Pb 

1.5 

1*5° 

0.037" 

Oyolotol 

8.50 

5 

Aug  15  - Sep  15 
191*2 

Pb 

1.5 

80° 

0.037" 

Cyolotol 

5.82 

1* 

Same 

Pb 

1.5 

120° 

0.037" 

Gyclotol 

U.85 

k 

Same 

There  is  also  an  into  re*  tin#  ««t  of  date  on  3/8"  diene  ter  cones  of 
o upper  end  aluminum,  1*5  • £0°  and  80°  angles,  in  NDRCt  Div.  8,  15  February 
15  June  1*HiU»  These  were  tested  for  use  in  epit-beolt  fuitee. 

2,  Velocity  gradient  The  velocity  gradient  of  a Jet  iu  the  rate 
of  ohenge  of  velooitjr  with  reepeot  to  length.  Since  the  length  la  eheng- 
ln§  with  tine,  the  gradient  Must  be  given  for  some  specified  tine,  or 
dietanee*  Ideally*  the  detersdnetion  of  the  gradient  would  be  made  by 
measuring  the  veined ty  and  poeitLon  of  a series  of  points  in  the  Jet  at 
the  desired  tine*  For  partible  Jets,  approximate  re suits  can  be  obtainod 
from  successive  flash  radiographs.  For  solid  jets  results  can  not  be 
obtained  by  the  usual  nethod  of  instrumentation  available  at  tho  present 
tine.  By  firing  Jets  through  target?*  of  different  thiolcnesees  or 
through  spaoed  targets,  the  length  and  the  veloolty  of  the  tip  and  tail 
of  suooeevi7«  elements  of  the  Jet  man  ba  obtained.  Thus,  the  menn 
gradient  of  these  elements  can  bo  determined,  but  each  gradient  is  for 
a different  time  (the  time  at  vliioh  the  tip  of  the  elemont  contacted  the 
target).  To  adjust  the  gradients  of  all  elements  to  the  same  time,  it 
is  necessary  to  make  seme  assumption  about,  the  variation  of  the  velocity 
with  time*  It  io  usually  assumed  that  the  velocity  of  any  point  in  the 
Jot  is  constant  in  time  and  thlo  has  been  done  lu  computing  tho  gradients 
given  below.  The  validity  of  this  assumption  will  be  discussed  later 

4 m AV>4  • «ma44  mm 

vtliu  ■WVW4tWMI 


As  «n  example,  FiguKj  35  shows  tho  results  of  firing  tho  Jet  from 
a 1*6°  copper  ooae  0,750"  dlamter  and  O.Q25"  thick  through  ,5  spaced 
targets.  The  figure  is  * ploi  of  Jet  velocity  vs  position  or  distance 
from  the  base  of  the  cone  for  the  5 elements  of  Jot  wiped  off  by  the 
5 targets.  The  mean  gradient  far  any  element  is  the  slope  of  the 
straight  line  shown  arid  is  determined  tor  the  time  shown  on  the  plot, 
time  being  measured  from  the  instant  the  tip  of  the  initial  element  passed 
the  base  of  the  cone.  As  mentioned  above,  the  calculations  are  based  on 
the  assumption  that  tho  velocity  of  any  point  in  the  jet  is  constant. 

If  the  curves  are  sxtrapolated  to  the  horizontal  axis  tho  points  A,  B, 

C,  which  the  CIT  winters  have  called  the  origin  of  tho  jet,  are  obtained. 
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Far  the  5 elements  shown,  the  coordinates  of  the  origins  wore  -O.Ltl, 

“0.50,  +2.8?  and  +5 .. U 1 cm.,  the  first  3 values  being  essentially  the 
same.  It  follows  from  simple  considerations  that  ths  location  of 
the  origin  for  any  element  is  independent  of  the  time  at  which  1 1« 
length  is  measured,  ao  that,  if  one  point,  3ay  the  tip  of  the  leading 
element,  is  detarmined  for  any  time,  the  curve  for  the  first  3 elements 
can  be  drawn  by  passing  it  (extended)  through  the  origin  Aj  as  shown 
in  Figure  36 j the  parts  of  the  curve  far  tho  bth  and  5th  elements  are 
then  "dded,  pa?ising  through  B and  C respectively. 

Figure  3*  shows  the  plots  for  3 different  times 1 IDO  nsec,  which 
was  chosen  arbitrarily;  Ul.68  paec.,  tho  time  at  which  the  last  element 
wan  measured;  and  21.39  nsec.,  the  time  at  which  the  mid  element  was 
measured.  It  is  seen  that,  ns  the  tlms  Increases,  the  line  tends  to 
become  straight,  so  that  tho  gradient  tenda  to  bocoino  linear  with  In- 
creasing time.  If  the  gradient  at  any  time  fc  18  v then  tho  gradient 

at  any  later  tine  t ♦ A ia  given  by  V ^ ^)  " vV^gt  '*  ^ If 

A be  coma  s large  compared  with  -w—  , tho  latter  torn  can  bo  neglected 

V , 

and  the  gradient  beocsMS  essentially  j . 

The  length  of  tho  Jot,  Figure,  36  is  VIs,  For  a strictly  linear 
gradient  tho  length  would  have  to  be  mF,  The  distance  HIT  (or  TO)  may  be 
taken  an  a measure  of  the  nun- linearity  of  the  gradiont.  Peruontute- 
wise,  nH  dwci*e»j43  with  the  time  but  its  absolute  valv.fi  ia  independent 
of  tine.  Strictly  speaking,  the  condition  that  a gradient  become  linear 
at  some  later  time  is  tint  it  be  Unoar  to  start  with,  and  the  condition 
that  the  numerical  value  of  tho  gradient  be  l/t  is  that  the  orlgLn  of  tins 
Jet  lie  at  the  origin  of  coordinates. 

Most  of  the  work  on  velocity  gradients  was  done  by  CarnogLe  Insti- 
tute of  Technology,  (25)  Figure  3?  (26)  is  a plot  showing  the  results 
of  a large  number  of  firing*  of  M9A1  steel  cones  reporL  d in  NDRC  DLv.  8 
summary  report 9.  However,  the  tlmo  of  1.00  pooc,  was  chosen  merely  far 
convenience  in  calculation  and  it  must  not  bo  assumed  that  the  Jets 
remain  continuous  for  this  length  of  time.  It  is  seen  that  the  gradient 
is  the  same  for  cycloid  or  Comp  B and  pentolite,  and  ia  independent  of 
the  target  material  used.  The  follovring  valuea  of  the  velocity  gradient 
computed  for  a timo  of  100  pace,  after  tho  tip  or  the  Jot.  reached  tho  base 
of  the  cone,  have  been  obtained. 
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Material 

PU. 

Anglo 

Thick 

Gradient 

lieierenoo 

— — , 1 1 m 

Steal 

1 5/8" 

120° 

0,022" 

0.0111 

aoc.  NDJIG  .01  v,  8,  1 $ June  1943 

Steel 

1 5/8 

45 

.025 

.0102 

CI'f-ORD-3 

Steel 

1 5/8 

45 

.037 

.0097 

CIT-0HD-9 

Copper 

1 5/8 

45 

.037 

.0112 

(JXT-OItD-6 

Magnesium 

3A 

46 

.050 

.0107 

BR L Data 

Steel 

3A 

46 

.050 

,0106 

Same 

Copper 

3/4 

46 

,n$o 

.0104 

Same 

Copper 

3/2i 

20 

.02*; 

,0.100 

Same 

Copper 

3/4 

30 

.025 

.0699 

Same 

Copper 

3A 

46 

.025 

.0103 

Sans 

Copper 

3A 

60 

.025 

.0103 

Setae 

C-f'pper 

3/4 

46 

.015 

,0302 

Same 

Copper 

3/4 

46 

.075 

.0104 

Sams 

Copper 

3A 

46 

.100 

,0104 

Sane 

When  plotted  the  data  sunmarlssd  above  gave  essentially  etraitfit 
linen  except  that  when  velocities  below  about  0,3  on  /u  sec  were 
obtained  the  curve  usually  dipped  toward  the  horliontal  axis  as  shown 
in  Uigurs  36.  It  should  also  be  noted  that  the  total  length  of  jet 
c&mqt  be  obtained  from  the  plot  ainoa  the  tall  elssionts  may  be  too 
low  In  veiled ty  to  penetrate  the  target  or  to  rogieter  on  the  fils. 

That  tho  gradient  should  be  linear,  if  the  observe Alone  on  each 
element  of  the  Jet  are  made  after  the  element  has  trawled  for  a 
sufficient  time,  follows  from  elementary  considerations*  A uniform 
gradient  implioo  a uniform  tensile  strain  with  uniform  streuses  In 
the  Jet,  and  a non-uniform  strain  would  set  up  non-uni form  stresses 
which  mould  alter  the  velocities  in  suoh  a way  as  to  make  the  strain 
and  gr  idlsnt  uniform. 

For  the  data  given  above,  t,be  origin  wrn  clone  to  the  base  of  the 
oone  in  eacih  oase  and  the  gradient  was  practically  the  same  for  the 
range  of  oone  materials,  angles  and  thicknesses  covered  by  the  data. 

If  th«  velocity  of  the  tail  of  the  jet  can  be  increased,  the  tip 
velocity  wad  length  remitting  the  some,  the  gradient  will  be  deoreased 
and  the  origin  moved  to  some  point  behind  the  base  of  the  cone.  That 
thla  can  os  done  by  on  appropriate  explosive  geometry  is  shown  by  results 
with  the  'lamegiii  Institute  of  Technology  "explosive  compensated"  charge 
(27),  which  gave  a gradient  reduced  by  a factor  of  2»  Since  the  tip 
velocity  was  unchanged,  the  origin  of  the  jet  must  hava  been  far  behind 
the  apex  of  the  oone.  However,  if  increasing  the  velocity  of  the  tail 
of  the  jet  results  in  a shortened  jet,  the  gradient  nwy  not  be  changed 
greatly. 


The  origin  concept  implies  that,  if  the  vslooifi  of  the  elements 
of  the  jet  aro  constant,  then  all  of  that  part  of  tho  jot  which  was 
formed  behind  the  origin  was  massed  at  tho  origin  at  some  time.  Since 
IMs  is  not  true  it  may  bo  concluded  that,  in  tho  early  stages  after 
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their  formation,  the  velocities  of  the  various  elements  of  the  jot  are 
not  constant.  Thus,  the  method  of  determining  velocity  gradients  outlined 
above,  is  not  valid  for  vexy  early  times.  Some  theoretical  calculations 
made  at .the  Ballistic  Research  Laboratories  suggest  that,  when  first 
formed,  the  .front  ole  rants  of  the  jet  have  a negative  velocity  gradient* 
After  o.  short  tins,  the  leading  elements  are  overrun  b>  those  following, 
forming  a bead  or  mushroom  head,  sometimes  seen  in  radiographs.  There 
is  other  indirect  evidence  supporting  this  view  and  some  direct  evidence 
(20) . 


It  may  be  conjectured  that,  for  a jet  penetrating  at  .optimum  stand 
off  or  less,  the  penetration  could  be  Improved  by  giving  the  forward 
elements  a larger  gradient,  thus  permitting  them  to  attain  a greater 
length  before  being  wiped  off.  Whether  this  result  can  be  achieved  and 
maintained  for  the  required  time  is  an  open  question. 
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CHAPTER  XV 
THE  UMJ'UZED  WARHEAD 
Winn 

Defense  iioafiaroh  W. vision 
Firootone  Tire  and  liuttoer  Co.,  Akron,  Ohio 


Introduction 

The  modem  shaped  charge  projectile  is  mtonded  as  an  instrument  of 
destruction  whoso  prindpal  object! vo  is  the  defeat  of  teeny 
cation#  and  armored  vehicles#  To  satisfactorily  aoocnpllah  its  mission' 
the  projectile  must  be  capable  of  defeating  its  assigned  target,  and  off” 
flying  accurately  enough  to  assure  a high  probability  of  striking  the 
target  with  the  first  or  second  round  fired.  While  flight  of  the  pro- 
jectile is  properly  the  problem  of  the  exterior  ballistioian  and  the 
dsstruoti  ire  capacity  that  of  the  terminal  ballistioian,  the  require- 
ment* of  accuracy  and  of  deetruotive  oapadty  are  so  often  at  variance 
that'  the  deal  gas#'  is  compelled  to  make  compromises  and  to  attempt  to 
urrLv»  at  the  best  overall  balance  of  aoouraoy  and  destructive  potential. 
The  effect  of  various  design  parameters  mwn  shared  chiarges  has  been 
described  in  some  detail  In  other  portions  of  this  volume  (Chapters  I, 

IX,  Slip  V.  VII  and  VIII)  and  will  be  discussed  here  es.ily  in  relation 
to  the*  limitations  iagtosid  upon  the  designer  by  the  realities  of 
pi'sctlcal  shell  design.  An  eiiurfc  will  bs  mads  to  traos  tha  develop- 
ment of  a typioal  warhead  and  to  point  out  the  general  areas  Whore 
eonpromisoa  have  been  made  successfully. 


Section  of  Weapon  Type  and  3jM 

The  design  for  e,  spedile  iv\m  of  shaped  charge  Missile  begins  with 
the  performance  sped fi cations  for  the  weapon  system.  The  range,  acauniqy 
and  nobility  requirements  determine  the  velocity  of  the  projectile  and 
the  type  of  weapon  required.  While  the  maximum  penetration  determines  the 
minimum  site  of  liner  and  charge* 

Table  I o on  talas  typical  aoouraoy,  range  and  velocity  data  for 
existing  shaped  charge  projectiles • The  range  shown  in  the  table  is 
that  Which  offers  a fairly  high  probability  for  a first  round  hit  on  a 
small  target  (such  «us  a tank)  and  is  not  to  be  confUsod  with  the  maximum 
range  of  the  missile., 
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TABLE  X 


Typical 


*yp'* 

Range 

(lards) 

Telocity 

(fps) 

Ballistic 

(Probable 

Accuracy 

Error) 

Bazookas  and  Grenades 

100  to  1+00 

1,^0  to  250 

* 2 mils 

Rockets  (fixed 
launchers) 

1000  to  uooo 

1000  to  Ui+oo 

+ 1 to  2 

mils 

Become ss  Rifles 

500  to  2000 

500  to  2200 

♦ *5  ail 

Guns  and  Howitzers 

1000  to  2000 

1000  to  Uooo 

♦..15  to 

.30  mil. 

The  caliber  or  else  of  the  missile  depends  upon  its  required 
destructive  capacity,  its  peak  acceleration  and  the  type  of  weapon  from 
which  it  will  be  fired.  Although  perforation  of  the  target  Is  a necessary 
condition  for  the  defeat  of  a target  it  is  not  sufficient.  Unfortunately , 
very  little  1s  known  about  the  effect  of  shaped  charge  design  parameters 
upon  the  extent  of  damage  beyond  penetrable  armor  and  the  work  which  has 
been  reported  is  insufficient  for  establishing  adequate  criteria  for 
shaped  charge  effectiveness  (57),  (63),  (Chap.  X),  It  has  become  customary, 
therefore,  to  evaluate  shaped  charge  effectiveness  upon  the  basis  of 
depth  of  penetration  and  rela  tive  hols  volume,  and  to  trust  that  a provision 
far  sane  arbitrary  "residual"  penetrati  on~usual3y  2 inches  of  homo  go  no  cais 
armor  - will  be  enough  to  assure  the  defeat  of  the  target.  Additional 
studies  of  shaped  charge  effectiveness  should  certainly  prove  to  be  fruit- 
ful avenues  for  further  research. 

The  maximum  thickness  of  the  armor  to  be  penetrated,  without  provision 
for  any  "residual"  penetration,  quite  clearly  establishes  the  minimum 
dimeter  of  the  liner  and  charge.  Based  upon  present  standards  of  shaped 
charge  performance  the  minimum  diameter  of  an  unrotated  copper  cave  (D  Indies) 
requires  to  penetrate  a given  thickness  of  armor  (T  inches',  90%  of  the 
time,  without  provision  for  residual  damage  effect,  may  be  estimated  quite 
well  by  equation  (l). 

D - — T-jjr-? inches  hcao,  armor,  BHN  300  (l) 

5» 


The  following  tabulation  shows  the  penetration  level  above  which 
90?  of  tive  rounds  would  fall  for  cones  and  charges  of  various  diameter 
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table  n 


D (Inches) 

T (inches  armor) 

Approx.  Pro j . 

2.5 

10.5 

?5 

4.6 

11.0 

2.7 

n.5 

2.8 

12.0 

2.9 

12.5 

3.0 

13.0 

90 

3.1 

13.5 

3.2 

14.0 

3.3 

14.5 

3.U 

15.0 

3.5 

15.5 

105 

3.6 

16.0 

3.7 

16.5 

3.8 

17.0 

3.9 

17.5 

C.O 

.18.0 

llfl  .1 

18.5 

120 

It.  2 

19.0 

it  .3 

19.5 

It  .5 

20.0 

After  sal^rt.ing  tha  type  of  weapon  and  velocity  from  tha  accuracy 
bjkI  purtaujJLity  ruquiroiinmta,  and  ths  minimum  siss  of  cum  and  charge  from 
Equation  (1)  and  Table  XIf  the  caliber  of  tha  missile  mny  ba  determined 
from  the  thloknaaa  of  tha  projectile  walla  required  to  withstand  tha 

•tresses  of  firing* 

Bafora  proceeding  with  a more  quantitative  discussion  of  the  ffeerfc 
of  the  various  design  parsm-ster*  'rprm  *•!■»«  penetrating  potential  of  the 
charge,  we  aummariee  wt»  present  st»is  of  the  development  of  the  hypo- 
thetical projectile*  fhe  type  of  weapon,  peak  gun  pres cure,  acceleration 
forces,  muaale  velocity,  projectile  caliber,  cone  siaa,  projectile  wall 
thickness  and  the  material  of  construction  of  the  projectile  body  have 
been  tentatively  defined*  All  have  been  fixed  aei  a result  i/I.  & V<m iSiuoji  '* 
at ion  of  the  specifications  for  weapon  weight,  weapon  accuracy  and  range, 
and  by  the  projectile  penetration  requirements e The  typo,  shape,  material, 
vail  thioknese,  apex  angle  and  method  cf  mounting  of  tha  cone,  the  amount 
and  distribution  of  the  explosive,  tha  sis®  and  positioning  of  the  booster, 
prevision  for  the  fuse,  and  the  manufacturing  precision  required  for 
obtaining  the  shaped  charge  perfomnnoe  predicted  in  Table  II  remain  to 
be  determined. 
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COKSIDiili./IICN  01'  LINER  PARAMETERS 

Althoutfi  the  effect  of  various  liner  parameters  - shape,  material, 
wall  thickness,  cone  angle,  etc,,  - are  described  in  detail  in  Chapter  11$ 
the  projectile  designer  la  not  free  to  treat  these  parameters  independentl/. 
Ha  must  be  guided  in  his  choice  by  the  projectile  parameters  fixed  by  the 
requirements  for  projeotile  accuracy.  It  is  therefore  quite  appropriate 
to  treat  each  of  these  parameters  here  in  order  to  illustrate  the  manner 
in  which  a judicious  choice  of  oach  of  these  parameters  may  be  related  to 
the  toundary  considerations  of  the  projectile  design. 

Standoff  Distance 

In  a real  projoctile  the  effective  standoff  distance  is  determined 
by  the  length  of  the  ogive,  the  velocity  of  the  projectile  end  the  fuse 
functioning  tine.  Although  the  optimum  standoff  distance  for  a wall  made 
conical  liner  is  usually  more  than  four  cone  diameters  (36),  (39),  (1*1), 

(1*1*)  (Chap.  Ill)  (Fig.  22,  2$,  20),  ths  actual  standoff  is  usually,  limited 
to  from  one  to  three  cone  diameters  by  aerodynamio  considerations  involved 
in  Ogive  shape  and  sine.  Howover,  this  standoff  may  be  enough  to  permit 
the  attainment  of  about  $0%  of  the  penetration  expected  at  optimum  standoff 
and  the  shorter  standoff  has  advantages  in  certain  instance,  For  example. 
If  tits  shell  must  bs  rotated  at  some  low  spin  rats,  10  to  l£  rp»,  in  order 
to  aohieve  projectile  accuracy,  the  optimum  standoff  may  be  roduced  from 
few  to  two  cons  diameters . (1*1*  \ Also,  If  the  enemy  employs  spaced  armor 
In  an  effort  to  reduce  the  offioienoy  of  shaped  charge  pro>  otllss,  the 
spaced  armor  itself  may  provide  the  increased  effective  stardoff  roquirsd 
for  maximum  penetration  (21*). 

The  length  mf  the  projectile  boiy,  and  hence  of  ths  charge,  is  moat 
frequently  limited  by  aerodynamic  performance  and  projeciilo  weirht  specifi- 
cations. In  general,  the  penetration  and  the  hole  volume  obtained  increase 
with  Increasing  charge  length  and  machos  a maximum  at  about  2 or  2.J* 
charge  diameters  for  heavily  confined  charges  or  1*  charge  diameters  for 
lightly  eonfined  or.  unconfined  chargee,  ($$)  (Chapter  V,  page  127),  In  most 
cases  involving  rockets  or  projectiles  a charge  length  of  2 charge  uiunotera 
ecn  be  provided,  and  this  is  sufficient  if  the  chargee  are  subject’d  to 
olose  quality  control  during  manufacture  and  loading.  The  usual  effect  of 
x -educed  charge  length  is  a lowered  average  penetration,  roduced  hole  volumo 
and  an  increased  number  of  rounds  with  belcw  normal  penetration..  ($$), 


tmiiTKW 

Existing  shapad  charge  designs  usually  hate  one  of  th«  shapes  ah  own 
in  Figure  1.  Although  each  can  b«  made  to  perform  satisfactorily,  1 (a) 
has  the  advantages  of  a somewhat  greater  Base  of  manufacture,  of  high 
explosive  loading  and  of  blast  effect  (because  of  the  larger  amount  of 
explosive)}  1 (&;  or  1 (c)  are  sometimes  necessitated  by  the  requirements 
for  accuracy , There  is  some  ali^it  evidence  that  a tapered  charge  has  a 
shorter  optimum  standoff  and  a slightly  lower  maximum  ponatx-atien  than  the 
cylindrical  charge.  (*,8).  The  greater  amount  of  explosive  in  the  cylindrical 
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charge  r^akee  It  more  valuable  th«n  the  tiered  oh&rg9  for  tha  secondary 
effects  of  blast  and  fragmentation  damage. 

Selection  <j£  Inner  te.terial 

Although  depth  of  penetration  is  not  the  only  criterion  for  judging 
the  audiwa  daman*  to  tin  target,  there  is  only  limited  inf ora* t ion 
avail*!  il»  as  to  the  relatire  damage  beyond  the  target  caused  by  target 
penetration  by  liners  of  different  uaieriai*  Such  information  as  there  io 
(63),  ( ?> 7 > indicates  that  the  relatire  damage  decreases  In  the  order 
elusinca,  steal,  copper,  '■‘ha  rex  as  ire  penetrating  ability  of  furious 
materials  is  described  in  Chapter  III  and  h*..,  been  tha  subject  of  i»«dar 
Investigations-  (ll),  (1|0),  (3o),  (1$),  (17),  (22),  Xf  the  type  of  weapon 
£si  auoh  that  the  oallber  of  tha  projectile  overmatches  the  penetration 
requirement  for  the  defeat  of  the  proepcetive  target,  a most  denirubla 
elrcumstanoe,  It  may  be  possible  to  aalec'  alum  into  or  steel  in  prefer- 
ence to  copper.  Bat  If,  bm  Is  most  frequently  tha  nape,  the  penetration 
requirement  tanas  the  penetrating  .ability  of  the  projectile  only  copper 
can  bo  ojnri dared  seriously,  Zn  this  oast  alunlmaa  aleevea  (b$)  or  bi- 
ne tul  cones  (1*3),  (36)  should  be  considered. 

Baring  reached  a decision  as  to  the  type  of  oone  material  to  be 
need  it  Is  neoessary  to  apecity  the  onqpoaltlon  or  alloy.  Although  only 
Tty  scanty  evidence  can  be  cited  for  evidence  It  is  the  considered 
opinion  of  those  meet  closely  associated  with  the  art  of  shaped  charge 
design  that  the  parity  of  tha  material,  or  the  type  of  alley  to  be 
epeelfi od,  should  be  that  vbloh  has  the  greeteet  ductility,  this  con- 
oluaiott  is  d«*ao«d  from  the  feet  that  potential  depth  of  penetration  ia 

reread  by  the  length  and  density  of  the  Jet,  The  density  of  the  Jot 
of  oonrae  characteristic  of  the  type  of  material  used  ind  is  only 
slightly  it  Guanoed  by  lspnritlea  and  alloying  ingredients.  The  length 
of  tbs  .let  Is  determined  not  only  by  the  else  of  the  oone  but  also  by  the 
velocity  gradient  resulting  iron  the  design  of  tha  charge  and  by  the 
ability  of  the  ductility  of  the  jet  material  to  soppert  tha  velocity 
gradient,  during  elongation  of  the  Jet,  without  rupturing.  This  effec- 
tive jet  ductility  ia  of  course  dependent  upon  the  Inherent  ductility, 
the  strength  and  thr  malting  point  of  the  material.  Much  metre  work 
needs  to  be  dona  before  the  influence  of  thtae  factors  is  understood. 

At  this  tins,  however,  tha  best  cholne  of  material  for  shaped  charge 
liners  is  believed  to  be  omygen  fre*  electrolytic  copper* 

liner  Shra* 

liners  of  many  <liffer*ut  |*oaetric  shapes  have  been  tested  for  pene- 
trating efficiency  (Chapter  III)  but  espe risru#  in  tha  'Itolied  Stains  *«**«* 
indie- te  thut  t hs  bsst  wh  «ooi  consiar&ent  results  can  be  obtained  with 
ocsdoel  liners  of  apprepriate  ap**s  eagle  and  wall  thickness,  Sate  very 
recent  data,  yet  unpublished  (65),  IMieete  that  "double  arngla5  eoaioal 
liners  say  offer  certain  advantage?,  bat  the  performance  of  theca  liners 
has  net  yet  been  determined  sufficiently  well,  for  a complete  ermtev  ion 
<%2  their  true  worth* 
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Coho  Jkll  Thlcknoau 

For  each  type  of  con*  material,,  standoff,  projectile  wall  confine- 
ment, type  of  explosive,  shape  of  charge,  and  apeix  angle  there  is  an 
optimum  wall  thickness.  From  the  practical,  consideration  of  projectile 
design,  however,  projectile  confinement  and  cone  apex  angle  are  most 
determining. 

Figure  2 shows  reasonable  values  of  line?  wall  thickness  for 
oopper  ©ones  with  apex  angles  between  1)0°  and  U£°  plotted  as  a function 
of  the  eonfinosent.  Ad  an  approximate  guide  for  liners  of  different 
apex  angles,  or  for  shapes  other  than  conical,  an  approximately  correct 
wall  thiokness  may  be  obtained  by  Maintaining  the  thickness  constant  in 
an  axial  direction  (55),  (12),  (Chap,  III,  figure  11,  23). 

Curves  of  penetration  vs  wall  thloknese  are  frequently  unsymmetrioal 
(58),  A thiolcsr  wall  generally  is  to  be  preferred  mmr  a thinner  wall, 
ihe  performance  of  the  latter  la  typified  by  an  excessive  variability 
from  charge  to  charge,  the  former  by  good  reproducibility  with  only  a 
tolerable  daorsaas  to  penetration.  It  would,  therefore,  seem  to  be 
good  praotioe  to  seleot  a wall  thiokneMs  about  !>%  greater  than  the 
optimum  to  aeaure  that  In  production  the  wall  thickness  will  not  be  less 
than  optimum. 


Cones  with  tapered  wall  thickness  have  been  studied  from  time  to 
time , (Chapter  m)»(U2),  (53),  Though  more  work  in  this  field  is 
desirable  the  aralTa ble  eridenoe  ladioaten  that  tapered  walla  offar 
"light,  if  any,  rad  improvemant  in  tha  performance  ocnioal  liuors. 

The  data  do  show,  however,  that  rather  w Site  tolerances  m?  be  plaoed 
upon  the  variation  In  wall  thiokness  batweau  apex  and  base  without 
reducing  penetration.  c raiding  the  wall  thiokness  id  liexd  constant  at 
each  tranavarie  section  of  ita  cone. 

For  liiwira  of  ehepaa  oiihar  than  conical  - double  angle,  hemispheres, 
trumpets,  etc*,  the  observation  that  optimum  wall  thioknene  depends  upon 
the  inclination  of  the  surface  indicates  that,  in  such  cases  tapered  wall 
oones  nay  be  advantugaou*. 

Cone  Aoax  fede 

The  choice  of  cone  angle  is  quite  important  both  from  a.  performance 
and  a manufacturing  point  of  view.  Data  are  abundantly  avsilablo  to 
show  that  reducing  the  apex  angle  may  decrease  the  optimum  standoff, 
and  wmt  Ui«  iipLliwuu  kngla  is  dependent  upon  the  ©one  material,  wall 
thickness  znd  charge  length.  (Ch.  ITT.  18,  19,  20,  21,  25), 

km  with  most  other  cons  parameters,  th*  nffaet  of  apav  angle  becomes 
loss  important  as  the  spin  rats  of' the  projectile  inerej&sesi  For  example, 
at  0 rp*  ■ U5°,  3.5  inch  copper  cone  penetratse  3 laches  deeper  than  a 
60°  cons  of  the  same  wall  thickness,  but  at  U5  rps  the  difference  la 
leas  then  1 inch.  (16), 
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The  penetrating  performance  of  nm«ll  Ape*  cones  (<?0U)  it?  character- 
izcd  by  lowered  efficiency  and  increased  deviation  or  scatter  of  the  data. 
(33),  (5Q)  It  is  probable,  however,  that  this  merely  reflects  the  difficulty 
of  manufacturing  good  cones  of  very  small  angle.  (Ch.  III,,  Fig.  28) - 
With  the  precision  of  modern  manufacturing  methods  the  optimum  cone  angle 
for  projectiles  with  copper  cones  iu  close  to  1*0°  or  i|$°.  In  some  cases 
beat  penetration  performance  has  been  observed  with  20°  (Ch.  Ill,  Fig.  28) 
'’ones  end  in  others  with  60°  cgnes((3)  Fig.  U)« . As  a first  choice  a 
cone  angle  of  either  hQ°  or  U5>°  may  bo  jeleeted  and  will  giro  good  perform- 
ance In  projectiles  with  An  ogive  length  of  two  calibers. 

Sharp  Apex  VS  dpltl  „ck  lithe  Cones 

In  most  roported  casts  involving  copper  cones  whore  charges  differing 
only  in  the  pro;-. ones  or  absence  of  a spitback  tubo  have  boon  compared, 
equal  or  sligitly  better  penetration  is  obtained  with  a spitback  tube. 

(*>),  (19),  (23)  (39),  (66).  Thar*  Is  no  effect  upon  optimum  standoff, 

rotation  or  optimum  wall  thickness,  In  addition  to  the  usually  better 
performance  of  spitback  tube  oones,  It  is  easier  to  manufacture  cones  with 
a short  spitback  tube  section  and  maintain  close  tolerances  than  it  is  a 
sharp  apex  cone,  and  less  difficulty  lo  encountered  In  obtaining  sound 
vh^n  spitback  tube  rones  are  used. 

It  Is  standard  practice  to  specify  haz'd  drawn  copper  tubing  with  a 
wall  thickness  of  .000- .06$  inch  for  spitbAOk  tubes.  The  effect  or  tuba 
diameter  has  received  only  limited  attention  but  satisfactory  result* 
have  bean  obtain **  with  tubes  having  a diameter  betwuer,  20%  and  30$ 
that  of  the  cone  (27)* 

Little  information  is  available  upon  the  of foot  of  method  of  attach- 
ment of  spitback  Lutes  iu  cones.  The  tuboa  may  be  integral  with  tho  cone, 
or  may  be  attached  by  means  of  soft  solder,  braaing,  buttroGS  threads, 
cementing  or  crimping.  Although  all  methods  have  been  used  only  the  first 
end  laet  three  are  both  relatively  inexpensive  and  do  not  retire  the 
application  of  heat  to  the  cuieu  with  the  consonant  danger  of  cone  warpugc. 
In  any  soldering  or  cementing  operation  great  care  must  be  exorcited  to 
see  that  eny  excee*  material  is  removed  from  the  tube  and  cone,  Even  a 
small  amount  of  cement  smeared  on  one  side  of  a oono  has  been  shown  to  bo 
enough  to  reduce  penetration  by  l\0$.  (6). 

ASSEMBLY  OF  THIS  LIMER 


Method  of  Attaching 


* ssnm&nli- 


(ii  orirap  cone  flanks  tietweon  oinvo  and  coav  flanges  (M9A2  Grenade),  (2) 
hraac  or  cement  (M2oA2  or  T2G$  GocSwta),  (3)  eons  fiance  registers  in 
body  and  is  clamped  firmly  by  a threaded  ring  or  ogive  (Mo?,  T108,  TI8I4 
HEAT  Projectiles),  (h)  cone  is  pressed  into  the  ogive  and  held  in  place 
by  a locking  groove  (T119,  T138  Projectiles).  Although  eacn  method  has 
certain  advantages  in  manufacture  the  last  two  methods  have  demonstrated 
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coiiiB latently  good,  performance  and  may  be  vmad  aailofactorily  (62), 

Alignment  of  Cone  and  Charge 

For  beat  and  moat  reproducible  per  romance  the  ax  la  of  the  charge 
and  cooa  should  coincides  In  actual  practice,  however,  the  axes  may 
be  parallel  but  displaced,  o«*  may  net  be  parallels  A large  number  of 
experiments  have  been  described  in  which  the  importance  of  these 
variables  is  treated  (l),  (U),  (U6),  (1*9),  and  the  Importance  of  ax- 
control  over  this  type  of  imperfeotion  cannot  be  over- 
emphasised. 

Tilt  of  the  liner  results  in  t.  reduced  average  penetration.  The 
lowered  average  is  the  result  of  a larger  number  of  "poor"  shots. 

There  arts  sane  good  shots  even  with  an  flee  of  tilt  an  high  as  2.0°, 
but  In  general  the  average  penetration  is  reduced  by  $ 0 % When  the  cone 
19  tilted  1*  about  20%  at  .5°,  V&  at  .3°  and  a difference  la  the 
spread  apd  average  penetration  oan  be  detected  between  tilts  of  .05° 
and  .Vf  (2),  JS9\ 

The  seooml  type  of  misalijpsaant,  in  which  th*  Anna  charge  axes  are 
parallel  but  offset  slightly  must  be  con trolled  .Just  M carefully*  In 
one  experiment  an  offset  of  only  .015  inches  (l£  of  the  base  diameter) 
reduced  the  penetration  significantly,  mpp*  ui&EAtf^y  20%  (2), 

from  the  standpoint  of  aamfSoturing,  however,  it  is  not  difficult 
to  maintain  the  *<-inoldenoe  of  the  charge  and  liner  within  .010  inches 
provided  the  owes  ere  properly  registered  and  clasped  in  pines.  It  is 
meh  store  difficult  to  maintain  alignment  in  braaed,  welded  or  cemented 
assemblies.  However,  regardless  of  the  method  of  oone  attachment  and 
the  pars  exercised  In  maintaining  proper  alignment  it  is  very  Important 
to  ho  side  to  inspect  the  alignment  after  the  oons  and  charge  are 
iseemblsd.  Sassy  effort  should  be  made  to  avoid  blind  assemblies  of  the 
projeotillc 


BOOST® IS Q OF  THE  CHARGE 

The  also,  shape,  location  and  alignment  of  the  booster  have  all, 
been  studied  (U),  (28),  (1?),  (6U).  In  isofit  oases  electric  detonators 
have  been  used  to  Initiate  the  booster.  In  one  experiment  tie  t hick- 
twos  of  the  booster  was  varied  from  0 to  1"  without  any  indication  of 
a detrimental  effect  upon  performance  (US)  and  it  vie  concluded  that  the 
detonator  was  sufficiently  powerful,  to  initiate  the  oharp.  In  a real 
projsaills,  however,  the  detonator  is  enclosed  in  a rotor  in  the  ftasa 
cs£  STS’!  itbugh  » lead  aav  be  emoloved  the  probability  of  being 

the  Charge  satisfactorily  without  » booster  i»  not  hi ah. 
Hsvsrthalses,  experience  with  several  projectiles  has  shown  that  the 
hursts?  doss  not  need  to  be  large  j a pellet  1 Inch  in  disaster  and  *U 
lBiofe  h&gj  appears  sufficient  for  3,5  inch  charges.  (T208  IS?  base  element). 
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The  effect  upon  penetration  of  the  ''head^of  explosive,  or  the 
distance  between  the  booster  and  the  apex  of  the  cone  has  been  examined. 
(26),  (28),  ( 33 )>  (58)*  The  head  of  explosive  required  seems  to  vary 
with  "order”  of  the  initiation.  If  the  main  charge  is  satisfactorily 
initiated  In  a symmetrical  fashion  th®  booster  may  be  placed  directly 
above  the  liner.,  If,  however,  the  initiation  ia  borderline  satisfactory 
performance  will  b#  obtained  only  if  the  booster  is  from  one  to  2 cone 
diameters  above  the  cone.  If  the  detonator  ami  booster  are  edeqaate  It 
is  believed  thet  satisfactory  shaped  charge  effect  will  be  obtained  if 
the  booster  i*i  not  lees  than  1 inch  above  the  cone.  It  does  seem  likely, 
ho waver,  that  the  effect  uf  misaligimeiil  of  the  o«w  will  bwooM  inrieas- 
infly  severe  as  the  booster  is  moved  toward  the  cone.  Therefore , the 
booster  should  be  pieced  as  far  rearward  in  the  charge  as  other  deaign 
considerations  permit. 

Bcoentric  initiation  of  the  charge  has  been  studied  extensively* 

• (1*7).  (6l)  far  point  initiation  it  has  been  shown  that  the  detonation 
wave  front  ia  essentially  spherical  with  the  detonator  at  the  oenter 
of  hurvaturs.  (1*8).  If  the  detonator  is  moved  off-center  a decrease  In 
penetration  la  observed  but  the  effect  la  relatively  small.  Placing 
the  detonator  •£  inch  off-oentar,  in  a charge  length  of  two  none  diameters, 
resulted  in  a lose  in  penetration  of  20£  (7).  Since  it  is  not  difficult 
to  hold  booster  and  detonator  alignment  to  within  .0 60  inch,  off-axis 
initiation  is  not  an  anticipated  problem  with  electric  or  megnetio  fries, 
but  sate  difficulty  nl^ht  be  experienced  with  s spitbeok  type  fuse.  In 
the  latter  case  initiation  at  a point  .*>  inch  off-center  can  occur  unless 
care  is  taken  in  assembly  of  the  spitter  cons. 

OONFINKMifiNT 

The  relationships  between  cone  wall  thioknsao  and  projeotils  wall 
thlcknesB  were  deeoribed  earlier  in  thia  chapter.  There  art,  however, 
other  effects  of  confinement  of  considerable  interest  to  the  designer. 
Increasing  the  confinement  Increases  the  hols  volums  greatly  (8),  (5>1), 

This  effect  is  noted  whether  the  confinement  is  provided  by  lnoreasod 
wall  thloknsQt  dr  fay  a "belt"  of  explosive  (20,  The  presence  of  ex- 
plosion products  at  high  pressure  within  tbs  explosive  belt  retards  the 
expansion  of  thtf  products  in  raich  the  earn*  manner  ae  does  a steel  casing. 
The  "confining"  effect  of  different  inert  materials  is,  of  course,  pro- 
portional to  their  density. 

In  early  experiments  with  charge u of  diameter  larger  thar  that  of 
the  cons,  a iiltmlflcaat  effect  was  noted  in  those  cases  where  the  cones 
were  flanged,.  (9),  (10).  Iti  was  o bssived  that  when  an  explosive  belt 

is  in  contact  with  ths  fist  flsr.gs  of  a cons  t ho  penetration  bbs  lower 
thSS  “ahSu  tbs  fl&TigS  W £5  roEiOvSd  • Tlio  lOoo  JJl  peii'm  trillion  WHO  conaidsx— 
ably  greater  when  the  charges  wire  heavily  confined 0 With  the  typically 
heavy  confinement  of  a lOjram  projectile  a loss  in  penetration  of  )$% 
resulted  when  a .10  inch  flange  was  backed  by  explosive  (25),  (26), 
recently  th®  results  of  an  extensive  study  of  the  effect  of  confinement 
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upon  the  performance  of  flanged  and  unflangei  cone  a have  become  avail- 
able. '$'13.  The  data  are  summarised  in  Chapter  lit 

from  these  data  the  author  drew  the  following  conolua ions t 

1.  The  addition  of  a snail  explosive  belt  obtained  by  increasing 
tbs  charge  diameter  from  1.63  to  2,00  inches  has  produced  very  nearly 
tiie  sane  effect  on  penetration  and  hole  volume  as  the  addition  of  *2$ 
inch  of  steel  confinement. 

2.  'When  heavy  base  corn  jneirmt  has  been  added  to  the  2 inch  charge, 
the  penetration  la  daoreaaed  about  27*. 

3*  Hi  addition  of  both  lateral  and  heavy  base  confinement  to  the 
2 inch  charge  causes  e drastic  reduction  in  penetration  performance  of 
about  U5%, 

U*  When  the  larger  charge  is  confined  laterally,  the  presenoe  of 
the  flange  has  caused  a relatively  nail  but  significant  d* crM.se  In 
penetration,  at  compared  with  e similarly  confined  charge  lined  with  s 
deflanged  oone. 

The  hole  volute  produced  by  the  ? inch  charge  is  Increased  hy 
about  $0t  when  literal  confirm ent  of  .if?  men  steel  is  used  (caupared 
with  the  IflO*  increase  which  occurs  with  the  1.63  Inch  charges  )j  boundary 
oonditione  at  the  base  of  the  charge  have  little  or  no  effeot  on  hole 
volume  in  spite  of  the  large  ohanps  in  depth  of  penetration. 

This  experiment  illustrateo  how  apparently  superficial  change  In 
charge  design  can  cause  profound  changes  in  oharp  performance.  While 
it  is  possible  to  explain  thw««  ohanps  satisfactorily  in  the  light  of 
fhitdamental  lnfermation,  and  to  predict  qualitatively  what  might  have 
been  expected,  great  care  should  be  exercised  in  designing  experiments 
so  as  to  be  sure  that  the  variable  being  evaluated  is  indeed  the  only 
variable  under  test,, 


INTERNAL  OOT7B  SHAM 

The  Internal  shape  of  a conical  or  tangent  ogive  does  not  interfere 
with  the  normal  collapse  process  of  the  shaped  charge  liner.  However, 
a number  of  HEAT  shells  now  being  developed  for  the  Ordnance  Corps  employ 
a tee,  boom,  or  spike  ogive  which  can  reduce  penetration  greatly.  Ogives 
of  this  shape  are  of  interest  becease  they  hare  a lev  lift  and  therefore 
a smaller  restoring  moments  are  required  for  projectile  stability*  Whlla 
cgifsa  do  hav»  a si.ioh  wuu'  uwuwn  w wiigsiit  ogivos  *ti 

projectile  volCKritiwB  up  to  £000  fpi»,  the  Kzraii'isf^  or  x&ssr  lirs^  posssssea 
by  th*  latter  is  much  leas  narked  at  velocities  of  35>00  and  iiOGQ  fpe. 

The  effset  of  Internal  tern  configuration  upon  shaped  charge  effect 
has  been  given  a great  deal  of  attention,  rigurs  3 shows  six  of  the  Kftiy 

configurations  wid*4»  have  been  tested  and  the  penetrations  each  of  these 
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booaa  jserait..  0.3),  (lU>,  (17),  (18),  (20),  (?2),  (29),  (30),  (31),  (37) 
(35),  (32),  (38)#  A conolderation  of  designs  A to  F disclose 

important  deni  go  retirements  a (l)  a free  space  not  less  then  0*6  con® 
dlsneters  must  be  provided  in  front  of  the  cone,  end  (2)  the  bore  of  the 
boon  vast  be  as  large  aa  the  maximum  dime  tea-  of  th*  slug*  It  seems 
clear  that  2 war  the  bree  of  the  cone  the  collapsing  elements  follow  a 
forward  curved  path  (52)  and  that  conn  collapse  la  not  ccaplete  until  the 
cone  has  sored  forward  a distance  of  nearly  one  oone  dimeter,  and  that 
useftil  jet  eleawnts  are  formed  during  the  tine  the  alug  is  moving  forward 
a seoend  oone  diameter.  If  the  bore  of  the  boat  is  not  at  least  aa  large 
ma  the  Major  diameter  of  the  slug,  the  jet  will  be  pinched  off  when  the 
alug  Jnas  in  the  bore  and  a portion  of  the  potential  penetration  wi  11  be 
lost*  Ihe  tests  reported  above  were  static  tests  and  it  is  reasonable 
to  tfuspeot  that  In  dynamic  fir  lap  the  boom  may  be  jamed  rearward  toward 
the  cone  by  the  impact  velocity  and  that  this  will  rednoe  the  effective 
free  speoe*  Therefore,  some  additional  free  spaon  oust  be  provided  and 
the  actual  amount  required  will  probably  depend  upon  the  sszimuu  lapaoi 
velocity  of  the  projectile. 
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CHAPTER  V 

THE  mWS-m  COMPONENT  OF  SHAPED  CHARGES 

A,  D,  Solsm 

W,  T,  August 

Naval  Ordnance  laboratory 
Silver  Spring,  Maryland 

Tnirodnot-lfm 


Th*  shaped-charge  effect  dependa  upon  tha  praaauro  Impulse  of  a 
detonated  axploalya  to  aooalarata  tha  liner  walla  In  the  collapse  process 
which  produces  tha  jat.  Tha  explosive  la  therefore  fundamental  to  tha 
phenomenon  and  it  la  essential  that  charge  parameters  be  carefully 
selected.  This  means  that  proper  distribution,  Initiation,  and  explosive, 
or  an  adequate  compromise  of  these  factors  be  made, 

fortunately,  considerable  experience  has  baen  gained  from  whioh  it  is 
generally  possible  to  make  adequate  shaped-oharfe  designs.  Tha  effaot  of 
compromises  with  the  Ideal  design  ear.  also  be  estimated  reasonably  wall. 
Hwmr,  tha  problems  of  exploaivea  in  shaped  charges  have  not  all  been 
solved.  Condi  tic  na  arias  wherein  minor  variations  causa  an  appreciable 
performance  change  which  can  be  attributed  only  to  the  explosive.  Small 
unifications  In  charge  preparation  technics  or  a change  in  explosive 
distribution  about  tits  linar  may  affect  the  penetratlone  aignifiouutly. 

exact  bearing  non-u uif oral ty  of  tha  axploslva  oharga  has  on  perform- 
•mi  retires  further  investigation.  Proper  shaping  of  the  detoriatlon 
w«v«'  in  the  explosive  has  shown  promise  of  large  increase  In  penetration 
performance  but  has  introduced  additional  difficulties  whioh  iriat  be  over- 
oome  before  it  oan  be  considered  eerlouely  for  applications  (l-3)„ 

Praottoally  all  atudiea  of  explosives  in  shaped  charges  ham  been 
experimental.  This  does  not  mean,  however,  that  the  basic  studies  have 
bwn  neglected.  Detonation  theory  in  being  actively  punned,  as  is  also 
the  study  of  explosive-metal  Interactions  (i*).  Direr*  application  of 
these  research  studlea  are  being  carried  out  ty  tha  CIT  jnroup  in  their 
work  on  a release  wave  thnory  ox  applied  to  llnar  con-pF-  (5), 


Detonation  Theory 


While  detonation  theory  i*  fundamental  to  the  study  of  explosives, 

summary  is  Rsadsd  for  the  present  purposes  of  afcapsd  charts. 


Details  can  bo  found  in  references  (6),  (7),  (6),  (9)  and  (10 J.  The 
connection  between  detonation  arid  shaped  dhir'ge  theories  la  gl-vrcn  in 
Ch^ter  I,  for  instance.  Consider  the  simplified  oneHSimeinaicvial  case 
with  the  reaction  *cne  Z stationary  with  respect  to  the  observer.  Figure  1 = 
Asoume  the  unreactad  material  (p. ,,  ,,  T^)  enters  the  reeaivton  sons 

a velocity  D and  the  products  (?24  Vg,  Tg)  leave  the  zone  Z with  a velocity 

iLbaJ*  Tha  quantities  p,  v,  and  T are  the  pressure,  specific  volume,  and 
temperature  respectively  -‘lad  the  subscripts  1 and  2 refer  to  the  media 
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REACTION  ZONE 


REACTION  PRODUCTS  EXPLOSIVE 

FIOURC  I-  THE  DETONATION  PROCESS  AT  REST  WITH  THE 
DETONATION  FRONT. 


V| 


FIGURE  S-  RANKlNE-HUSONOt  CURWf.  SHOWIMC  THE  CHAPMAN-  | i 

•JOU0ET  <X)NDITIOW.  I i 


C ONFF.VE  NTLA.L 


the  particle  velocity,  that  is.  the 
velocities.  — 1 

The  roMervation  aquations  iun 


Maes 

MWI«M 

-£  . D-u 

T1  *2 

(1) 

Momentum 

p-  IS.rJ»>2+p, 

▼2  rl  Vj  ¥2 

(2) 

jfttorior 

h*  Sr ‘»i »i  ♦ % ■ h • pj  Tj 

+ «2 

(3) 

*•**•  involving  the  gradient  of  temperature  ahead  of  and  behind  the 
reaction  tone  are  re  glee  ted.  ^ and  Sg  are  fcha  Internal  energies  of 

■*li*  l £ ***peotively  aadlhe  quantity  la  «*»•  *n9TV 

evolved  in  the  reaction.  Uteae  equations  yield 

/p.  - pT  flT? 


D ■ v 


i\«: 


w 


Pa  - P 


L)w 

(a) 

tf) 

2)  + % * ^2 

(6) 

this  last  equation  la  the  Rankine-ffosohlot  relation  and  la  represented 
by  a suit*  ahaped  shout  aa  shorn  la  Figure  2.  Starting  with  the  u«- 
raaoted  Mtorlal  at  A (thia  point  t riU  bn  below  the  lUakiu-HuKMlot 
the  toock  and  reaction  will  carry  the  process  so  that  the  state 
of  the  reacted  material  lien  eta  the  BatiH  na- currs  fo 

to  the  left  of  A aa  the  products  ea ergo  tram  the  detonation  front. 
Srassitiess  .uarer  p re a sure a and  higher  volumes  are  deflagration* 
and  ere  not  io  to  considered  further  herein. 

In  the  model  • stearivetate  might  ex  let  .nvw'n.f.  along  the  (S~E)g 

wai  ve  aberre  the  point  of  tangoncy.  But  in  practical  three-diwen.ional 
BiwaUoar,  rawf actions  .from  the  boundaries  alleys  reduce  the  process 
to  this  poinv  of  t.ttngency  = It  is  the  only  stable  propagation  velocity 
ega  t-niB  rendition  le&ia  to  ths  *«'  the  sound  velooitv  in  ti» 

prcducvi  vtoe  uaapaau-Jouguot  conditio^ 


Cg  a v2 


Pi 


if 

*2/ 


(7) 
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th*  dstesatiss  velocity  is  then  related  to  sound  speed  by  * 


5 ■ I ♦ c, 


Also 


/p2  - vA  v 

1 tv^j 


- Pi  « r Cu 


^ Du 


for  the  detonation  pressure.  As  can  be  seen  these  considerations  are 
intimately  ccsascted  with  the  subject  of  equation  of  state  of  explosion 
products  which  will  not  be  discussed  in  detail  because  of  its  length 
althsugh  it  is  of  primary  importance.  For  gaseous  axpioeivss  the  ideal 
gas  lor  works  reasonably  wells  For  solid  or  liquid  explosives  this  is 
not  the  case.  Several  equations  of  state  have  been  used  such  as: 


Abel:  p(v  - b)  « « 
Jones:  pv  - RT  ♦ f(p) 


sad  the  sure  complicated  ones  of  Wileon-Klstiakowsky,  Leonard-Joxvss- 
Devocshire  with  Modifications,  etc*  Observations  of  detonation 
velocities  with  different  loading  densities,  plus  assumptions  concerning 
the  chemical  inactions  involved  and  the  use  of  the  hydrodynamic  equatioes 
permit  evaluation  of  the  constants  entering  the  equations  of  state. 
Present  efforts  are  being  directed  toward  obtaining  better  equations  of 
state  (or  better  parameters ) to  prediot  detonation  phenomena. 


For  shaped- charge  work  accurate  values  of  particle  velocities  of 
the  product  gases  and  detonation  rates  are  required  to  get  good  estlaates 
of  detonation  pressures.  A theory  of  H.  Jones  (9)  penults  placing  limits 
on  the  range  of  detonation  pressures  and  particle  velocities  which  will 
prerril  for  a given  detonation  velocity  (10).  Jones  has  shown  that  for 
a &m  dimensional  detonation  in  a charge  large  enough  to  have  the 
infinite-  stick  rate: 


|-(2  ♦ l)(l  + 

pl  do  \ 

JT  'SP.f  7 

(12) 

idle  re 

ft  c 

x-l  V 

® • 1 — TJL-r-  - 

VsOlj 

V 

(13) 

r,  /*.  \ 

•i  i tr  i 

" -ff-  {TBS  l 
v"'l  * 
a 


'fije  quuuatlty  a x*  «pproxlmatialy  erpa.1  to  0 H21™  la  ths  1 oadiag 

'■snotty  of  the  espiosiva  sad  (dD/dp^  - B)  is  the  slope” of  the  detonation 
vr;.wvivf  i-jsdieg  density  curve  at  density  p- , The  detonation  velocity 
oat;  bo  represented  by  — ■ 


_ r.  r _ • ' 

"liO  ' w 
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where  D-  n is  the  detonation  velocity  at  a density  of  1 raram/ cnr ; 

i.»y  y 

Tin  a "astcmtion  velocity  data  can  give  a good  estimate  of  D/ u and  an 
estimated  accuse, oy  of  £-10  percent  based  on  an  assumed  error  of  £0 
percent  in  e.  As  a consequence,  many  of  the  parame tore  needed  for 
hydrodynamics  treatment  of  shaped  charge  Jet  formation  can  be  derived 
from  known  detonation  velocity  data  with  itaeomable  accuracy* 

This  discussion  has  been  brief.  It  was  given  to  point  out  the 
accuracy  with  which  the  detonation  parameters  that  enter  shaped  charge 
nnna t derations  art  known. 

Iffeot  of  Different  type  of  Bxploslvsq 

In  shaped-charge  development  considerable  work  haa  been  performed 
on  standard  charts  to  evaluate  the  relative  performance  of  various 
explosives  (11-15).  Only  a few  of  them  have  found  ordnance  application. 
Sene  explosives  with  low  da  to  nation  pressures  are  marginal  nd  form  very 
poor  Jets,  but  no  upper  Limit  to  performance  ha a been  found  i.e*,  as  the 
detonation  praaaura  ia  increased  the  penetration*  increase,  The  trend 
in  explosives  research  la  the  development  of  new  cosspouMs  with  higher 
detonation  velocities  and  pressures.  Thus  mull  additional  improvement 
in  performance  might,  be  anticipated* 

Table  1 lists  various  high  explosives,  their  propertias,  and  disped- 
oharge  penetrations  (l6).  The  list  ia  not  ocmplete,  and  some  are  un accept - 
able  for  wide  application  because  of  sensitivity,  compatibility,  stability 
or  produo Uon  difficulties.  The  densities  given  are  those  actually  obtained 
in  the  charges  used  for  penetration  comparisons  a The  detonation  velocities 
given  are  computed  on  the  basis  of  experimentally  derived  dens lty-Uetonat ion 
velocity  olope  data  for  the  drplcsitas  (1?).  Bensitivitios  aru  taken  from 
impact  studies  at  WOL  only  to  avoid  introducing  calibration  constants  far 
different  testing  machines.  The  penetrations  are  fron  NQL  work  o>»  point 
initiated,  unconfined  charges  U.O  inohee  in  height,  1.63  inches  in  diameter 
with  H9A1  liteel  uuinii  and  fired  with  U.O  inches  standoff  into  mild  *t**i 
plates  (14,  35).  A few  similar  explosive  comparisons  performed  at  DuPont's 
Bastevn  Laboratories  are  alno  given.  This  furnishes  a reasonable  comparison 
of  different  explosives. 


Formulae  or  correlations  relating  psnatrations  and  cavity  volumes  to 
parameters  of  the  explosive  have  been  developed*  They  do  not  take  into 
account,  however,  the  properties  of  the  liner  or  the  naiu/e  of  Jet  formation, 

nrvj  *j*n*»fr>At.1nn  prn»i*ifleert  = 

a.  The  first  was  developed  by  DuPont  Laboratorias  in  19H3-UU  (ll) 
wherein  the  penetration*  obtained  from  M$>A1  steel  and  glass 
conical  liners  for  different  explosives  wore  corrclut-jd  MiU;  the 
calculated  hydrodynamic  detonation  pressure. 


123 

confidential 


"ATM*  < UKjNCS)  PCNCTRATtCN  ( INCHES) 


C ON  FIDE  NTXAL 


S' 


t 


0 


4 


I 90/40  CYOl.OTOL 
£ BO/BO  PENTOUTE 

3 B0/8S,  d/IS.B  TOftFEX 

4 *0/30  TeINATiH, 

B 90/  60  EON'^OL 
« 20/78  PENTOLIT* 

7 COMPOSITION  0 
9 TNT 


I 


«♦— 

ISO 


,» — - I — » 

I «0  too  CIO  £40 

OE  TO  NAT  ION  PRESSURE  (ATM.  10* ) 


FIGURE  6-  SHAPED  CHARGE  PENETRATIONS  AS  FUNCTION  OF 
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rleURE  4-  SHAPED  CHARGE  PENETRATIONS  A*  FuNOfiOrs  Or 
P/K  TOR  ?*8Ai  STEEL  CONES. 
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A-  3£ ' V*i i-1 A. S V<  dbul  £mUmv!a,£  « of  state  vac  used  to  establish 
s*s  at rerage  value  of  u/0  as  a. 21  so  that 

o 

Detonation  pressure  - 0,21  D , (16) 

Figure  3 shows  the  correlation  obtained. 


bo  To  laprowe  the  jredieiioa  of  performance  for  higher  energy 
explosives  the  Jibllovlag  formulae  were  developed  at  the 
Karel  Ordnanoo  'laboratory  based  on  Jones*  formulation  of 
detonation  theory  for  solid  explosives  (id),  Ihese  were 
baeed  on  KQL  penetration  data  obtained  with  M9A1  steal  oonati. 

Pjvg  4 31.19 

Penetration  * * Sl.'jl" 

or  p,  D2/*  ♦ T3.5« 

Penetration  « .A... 


where  D sad  are  deftead  as  before, 

*2  “ **1  c2/r 

where  r Is  defined  in  equation  (12)  and  P^  in  aagleetad. 

K ■ Lventropie  (exponent)  as  daflmd  in  aquation  (li»). 

I ■ K ■ 1 • D/V  - ,1 

f»j*  explosive  loading  density 

and,  a ■ 0.2$ 


figure  U dhows  tbs  correlation  for  reriotis  explosives  using  equation 
(l)  above.  To  be  applicable  xJuasa  fotmlae  require  bsm  knew  lodge 
of  the  explosive,  namely  £ end  B. 


o-  A !'«?rral?.tlo5  of  eariby  volume  with  detonation  pressure  was 
also  attempted  fro#  the  ess*  teat#  (•)  by  the  DuPont.  T.#hora* 
ioriaa  (ll;«  At  was  fewu  that  the  volume  waa  epprtmiinately 
proportional  to  the  detonation  presaure  as  indicated  1st 
Figure 

jSutfifflaljiif.iaff  these  resttlte  to  oth^F  ««?» 

might  lead  to  considerable  error.  The  results  can  be  (generalised 
•esevhatf  If  «aei  predictions  tup  not  required,  by  applying  as 
ne^otloBO  the  teswa  effeot  of  changing  the  variables  which  affect 
peaatraticn  for  & given  explosive,  those  forsolss  can  also  be  used 
to  prediet  relative  performance  for  a class  of  explosives* 
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Several  exceptions  have  been  noted  experimentally  from  the^e 
correlation  formulae— specifically  some  aluminiaob  explosives  and 
ammonium  perchlorate  compounds,,  Several  reasons  have  been  advanced 
for  their  deviation  but  no  positive  evidence  has  been  obtained  to 
sty>port  them*  Despite  those  cases  for  all  practical  application’s 
the  ut.  of  these  correlation  formulae  will  give  adequate  answers* 

KxpIosIts  Distribution  and  Initiation 

Tne  distribution  or  the  explnsivs  about  the  l.'nsr  and  the  type 
of  initiation  used  to  detoaate  the  charge  have  a very  marked  influence 
c a the  performance  of  a shaped  charge.  Distribution  as  discussed  in 
this  section  is  concerned  only  with  the  geometrical  arrangement  of 
the  explosive.  Inhaaogeneities  or  variations  from  a.  uniform  charge 
will  be  cons Hared  later*  The  parameters  which  describe  the  explosive 
geometry  xor  cylindrical  or  near  cylindrical  charges  are  hel.tht  and 
dismetsr.  The  dependence  of  perfomanes  on  the  distribution  Is  closely 
related  to  the  manner  In  whioh  it  controls  the  pressure  Impulse  delivered 
to  the  liner  walls. 

It  is  not  possible  to  generalise  much  on  the  effect  of  the  explosive 
distribution  parameters  without  first  defining  certain  supplementary 
conditions.  If  one  takes  an  unconfined  and  pom  initiated  charge,  the 
mean  penetration  will  increase  with  increasing  char',.*  height.  Penstra- 
tlon  is  very  Musitive  for  heights  up  to  eeveral  ooms  disaster*  after 
whioh  It  shows  only  small  changes  with  increase  of  the  explosive  column. 
However,  it  la  still  observable  at  lengths  up  to  6 or  7 cone  diameters * 
figure  f la  indicative  of  the  normal  behavior  of  penetration  as  a 
funotiwCi  of  charge  height  under  the  conditions  previously  enumerated, 
Actually  varying  the  length  of  explosive  above  the  liner  apex  affects 
the  shape  and  magnitude  of  the  high  pressure  region  in  the  explosive 
reaction  some  and  also  varies  slightly  the  direction  of  the  wave  front 
which  infracts  with  the  liner,  especially  at  short  charge  heights* 

under  similar  coft^liione  the  effect  of  vfiyian  the  explosive  to 
ilmer  diameter  ratio  results  in  a penetration  relation  as  shown  in 
Fi.girc  7.  farying  the  explosive  diameter  with  a fixed  Oome  diameter 
resulto  in  a performance  similar  to  that  for  changes  in  the  confinement 
sail  tfcichTrsas. 

Th«  hole  volume  increases  with  increasing  length  and  also  increas- 
ing diameter  of  explosive  within  the  range  normally  observed*  A 
ins  value  is  approached  and, of  course,  it  becomes  more  difficult  to 

observe  the  smaller  increases  which  arc  hidden  by  the  spread  i«  th*.  4«u* 

Although  the  preceding  paragraphs  would  indicate  a relatively  simple 
correlation  for  ?sr  romance  with  explosive  length  and  diametsr.  1b  reality 
it  is  a corapl?,?  problems  It  should  be  not*jd  that  the  rs suits  presented 
were  for  the  simplest  cams  and  under  restricted  conditions.  The  shape 
s>m  s&galiatde  of  these  curves  might  be  greats  changed  by  any  om  of  thn 
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large  number  of  variables  not  considered  in  the  discussion  up  to  this 

point.  In  general  yi  experimental  results  are  available  for  the 
particular  situation  at  hand,  It  to  difficult  to  predict  the  effect 
off  variation  of  charge  haight  or  explosive  diameter  with  any  certainty. 

Till*  la  alao  true  if  the  shape  or  coat  nr  of  the  exploalve  charge 
deviates  from  cylindrical  sym  'try.  Some  hope  is  offered,  howerrr,  in 
the  way  of  qualitative  predictions  by  application  of  the  "Release  Wave11 
eons lderat ions  being  developed  by  the  CTT  group  (5). 

So  far  only  point  initiation  has  oaan  diaouiNMd.  J"Ur.i  wars, 
peripheral,  or  other  types  of  initiation  which  shape  the  detonation 
wave  say  chants  the  penetration*  obtained,  figure  8 compare*  point, 
pla»»  wave,  and  peripheral  initiated  standard  chargee  for  dlffereat 
charge  height?)  (3).  These  reeulte  are  for  steel  liners,  Limited 
taste  for  other  liner  material*  indicate  an  increase  In  penetrations 
with  peripheral  initiation  but  the  paroantage  improvement  varies  ooii- 
■iderebly  with  the  material  of  the  liner  (20).  These  special  result a 
ere  gLvoa  to  indicate  what  aifftit  be  achieved  with  proper  wave  shaping. 
Raaetrations  frost  point  or  plane  wave  Initiation  ars  fairly  reproducible . 
However,  wall  asymstrins  asywhnre  in  the  ays  tea  will  produce  large 
variability  with,  peripheral  initiation.  Application  of  such  an  initiation 
system  anst  he  nede  with  caution  if  increased  penetrations  are  to  be 
aohieved.  fcrpwienti*  with  a large  amber  of  shots  under  well  controlled 
conditions  Has  shown  that  increased  penetration  for  steel  cons  lined 
charge*  sad  peripheral  initiation  Is  reel  (21).  However,  the  large 
lndreaa*  (25-30  percent)  reported  here  has  been  shown  to  depend  eritl- 
eally  upon  the  liner  used  (22).  Furthermore  the  cavity  vulvas  nay  bo 
reduced  by  aa  auoh  es  one  half. 

Qverw  Preparation 

In  charge  preparation  the  problw  la  te  produce  an  explosive  loading 
Which  will  result  in  maxima  shaped  charge  performance.  The  method 
should  isajroi  a)  uniformity  of  the  explosive;  b)  *3tl*l  ejemstry  and 
c)  maximum  density*  Redial  uniformity  end  axial  symmetry  are  highly 
important  to  jet  fomatlon,  nd  wall  deviations  from  these  conditions 
nay  produce  a significant  decrease  in  mean  penetration.  denaitiea 

are  recjulr*4  fa  obtain  ti*t  hljjhast  possible  detonation  preesures  ard 
t psisstratiujaiB.  Irsot?  of  uniformity  in  the  charge  does  not 
always  remit  In  poorer  performance.  Increased  penetrfttioni  have  beum 
reported  whwa  composition  and  density  {gradients  along  the  charge  length 
war®  changed  inadvertently.  Increased  penetrations  have  also  been  reported 
which  flculd  be  attributed  to  charge  iaroarfeotiosa*  la  the  fam  of  axial 
pipe*  that  pi'wu^  ease  shap  iag  of  the  detonation  wave. 

Sjtri  A.y  S i*5r  CaaS  rgsa  may  be  prepared  by  pressing  or  easting.  Is  press- 
ing, saints  nance  of  unlfcra  density  throu^ent  the  charge  i»  difficult* 

0 cop o ait ion  uniformity  is  assured  by  edeqasts  blending  in  the  ease  of  a 
raxltlccraponont  system.  Pressing  the  charge  in  a single  operation  will 
surely  result  in  coneiderable  density  variation  if  the  charge  is  not 
short.  Usually  for  esperSasstal  vrerk,  the  charge  is  made  by  pressing  a 
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mabsr  of  short  sections  which  k re  assembled  to  give  the  retired  charge 
height.  ®ven  then  density  changes  occur  in  the  section  containing  the 
liner  a lone  it  generally  is  much  longer  than  the  other  pieces*  The  mold 
for  this  Motion  mat  be  designed  so  the  liner  will  be  well  supported  cr 
it  will  suffer  deforest ion.  Preparation  of  the  other  sections  is  not 
difficult  but  the  problea  of  assembling  tbs  charge  still  exists.  If  the 
interfaces  are  dean  and  smooth,  performance  will  not  be  influenced  by 
the  manner  in  which  the  sections  are  Joined,  Of  oonrss,  axial  alignment 
wurt  be  maintained*  The  problem  of  obtaining  maximum  overall  density 

mai'j  eriiNri  with  prwMing*  uhlwii  uipi  pressures  ATS  USfvd  the  'iiiATge 
will  not  approach  crystal  density*  Definite  variation  across  the  charge, 
or  axial  pines  may  be  fomed  if  care  is  not  taken  to  insure  uniform 
distribution  of  the  explosive  powder  in  the  pressing  mold.  Densities 
comparable  to  the  cast  material  may  be  obtained  with  projwr  care.  With 
the  same  densities  and  compositions  pressed  charges  perform  as  well  but 
no  better  than  cast  charges.  However,  pressing  permits  the  use  of 
explosives  which  cannot  be  oasti  sunn  as  high  wit  or  HNX  content  mixtures* 
Pressures  of  20,000  to  2$ ,000  pel  will  prodoos  densities  within  6 to  8 
percent  of  theoretical., 


For  cast  chart**  the  problem  la  to  obtain  a solid  free  of  voids, 
low  density  redone,  composition  gradients  and  large  sryatsla*  The 
methods  preeeatly  In  use  vary  considerably  in  detail  from  laboratory 
to  labeemioiy  but  all  fundnavntslly  involve  the  following  steps  i 

a*  The  explosive  la  malted  et  a temperature  slightly  above  the 
melting  point  and  than  slowly  stirred  to  maintain  composition 
uniformity  and  to  remove  entrapped  sir* 

b«  The  melt  is  then  poured  into  a heated  mold.  A riser  is 

placed  an  tap  of  ih*  mold  body  and  filled  with  liquid  explosive 
wo  that  aa  tan*  •vpii-ustve  charge  contracts  on  'Tiling  the 
shrinkage  cavities  will  be  filled* 

o«i  Cooling  is  usually  by  eonveotion  but  someti***  may  be  foroed 
by  a water  bath. 


The  explosive  la  kept  in  the  liquid  phase  at  as  low  a temperature 
■s  poesibl*,  so  that  the  melt  will  go  through  the  freesiag  point 
rapidly  after  pouring,  this  encourages  the  formation  of  Mall  cryslmis 
and  in  tbs  case  of  multicomponent  systems  minimises  segregation.  With 
TV?  the  nelt  1*  usually  weeded  (crewed)  to  obtain  naan  crystals.  The 


add  is  hsstsd  to  pys^snt  too  rapid  initial  cooling  with  associated 
entrap  asst  off  sir  or  fessatioa  «?  desalt  ••wgiaa*!,,  Bmatteaa  the 

SSpIwtVS  rSiSiTVvir  is  t hw  TXSw7?  1b  pvuirvu  at  & toapwre mitts  IG-ip  dolman 

h±&0»  than  that  %»  the  body#  A steam  finger  is  frsaxnr.tly  placed  in 
the  riser  to  keep  th*  es^lorive  *e&t*a  during  sciUdification  of  tbs 
char  am.  When  this  method  is  not  u»*d  to  prevent;  the  riser  surface 
from  free*  lag  over,  the  cosset  la  broken  at  f reepast  intervals  and  the 
obar&t  Buy  evesi  b*  jp.g»b*d  W issrease  downward  flow  of  the  mhltsn 
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eaqpleslve.  Cooling,  if  forced  by  a water  bath  should  progress  from 
the  bottom  up  toward  the  riser.  This  is  done  to  prevent  formation  of 
low  density  re  glens  r The  use  of  insulation  which  retards  eooiiag 
increases  the  probability  of  low  density  regions s 

Cast  charges  hare  not  been  entirely  satisfactory  or.  i thsrs  hag 
been  considerable  effort  spent  attempting  to  Improve  them.  The 
following  techniques  ere  the  major  ones  which  have  been  proposed 
for  Improvement! 

e*  Vacuum  melting » It  is  being  used  with  seme  success  to 
produoe  more  uniform  higher  density  charges.  Both  the 
melting  and  stirring  oust  be  done  under  a vacuum.  The 
cooling  may  be  dons  under  a vacuum,  bat  it  does  not 
appear  to  be  important  in  further  improvement  of  the 
charges. 

b«  Vibration  or  agitation  of  the  poured  charges!  A* 

attempt  to  help  free  the  entrapped  air.  This  has  not 
shown  much  promise. 

c.  CentrlfURln|;i  Spinning  the  poured  charge  during  the 
cooling  period  has  been  tried  at  ftOL  as  a means  for 
reducing  voids  or  low  density  regions.  For  a single 
component  explosive  it  was  found  that  no  improvement 
in  appearance  or  performance  could  be  noted.  However, 
with  a multicomponent  system,  a long  conical  pipe  was 
seen  in  the  radiographs  along  the  charge  axis  which 
no  doubt  produced  the  increase  in  penetration  which 
was  observed.  The  method  did  not  offer  much  encourage- 
ment for  producing  a homogeneous  charge. 

d.  Machining  the  explosive  charge  t Casting  a large  billet 
of  " explosive  from  vniek  Yeverul  smaller  charges  are 
aaehiaad  permits  discarding  of  tbs  low  density  core  mid 
ether  questionable  regions.  This  would  produce  good 
high  density  charges  but  would  involve  an  operation  which 
is  difficult  to  carry  cut* 

ibe  first  three  of  these  techniques  have  bees  tried  in  shaped 
charges,  at  least  to  see  if  they  would  be  feasible.  Vacuum  melting 
offers  the  best  method  for  improving  density  and  uniformity  of  the 
charge.  Machining. the  cavity  in  tba  charg*  end  fitting  the  shaped 
charge  liner  in  thrs  explosive  billet  appears  promising;  but  intimste 
contact  of  explosive  with  liners  free  a production  lot  is  hard  to 
achieve*  In  general  it  can  be  esid  that  »«y  5j“proves:eni  fr™  these 
methods  will  not  be  large.  A maximum  of  a 5-10  percent  inereaa®  in 

penetration  «Ight  be  expected..  The  zpi\md  of  penetrations 
nigLt  be  reduced,  up  tc  50  percent. 
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At  this  tin®  the  optimum  oasb-oharge  preparation  would  appear  to 
be  mulling  and  stirring  under  vacuin  followed  by  a differential  cooling 
bath  (2;j)  after  easting,  Rscaet  details  cannot  be  given  because  they 
would  depend  upon  the  explosive t the  charge  siae,  the  mold,  and  the 
ambient  conditions  in  the  casting  house  . 
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Wat  lnfluenoe  does  imperfsotioao  or  lnhcnoganeiiies  (crack*, 

▼old*,  babble*,  density,  or  composition  variation)  Introduced  in 
nharga  preparation  hare  on  performance?  Ho  overall  u*sc»swenfc  of  the 
innartanoe  of  theee  items  has  been  made)  however,  there  are  considerable 
data  to  indicate  the  import anoe  of  apeoifie  deriatlona,  The  iaper- 
factions  nay  rang*  widely  in  *!**•  Hie  larger  one*  art  easily  visible 
on  radiographs  of  on  the  surface  of  the  charge,  (hull  inho«ogene:Ltiaa 
appear  os  a change  in  arerage  density®  Sana  idea  of  the  relative 
UqporUno*  of  the  azploilve  way  ba  gained  froa  the  shaped  charge  result* 
vi* inf  liquid  explosive*,  A lltyild  chargr  should  have  near  Ideal 
uniformity  and  the  afore  lose  aprsad  in  tin  penetration  should  be 
expected,  if  explosive  lnhanogeneitiee  are  of  any  oonsequanoa.  A re- 
duction in  the  standard  deviation  of  the  wean  penetration  haa  been  observed 
uaing  a liqpUd  explosive  ( Hi troa# thane)  with  precision  ocnae  (?!•),  This 
la  the  beats  for  estimated  ultimate  improvement  in  reproduolbilily  which 
was  quoted  earlier.  Only  ’recently  additional  investigatlona  with 
Hltro  glycerine  (t$)  confirmed  the  oonolasions  based  on  the  earlier  tests. 
Weotieal  consideration.;  make  the  use  of  liquid  explosive  undesirable. 

Those  which  conform  to  sensitivity  requirement*  produce  small  penetra- 
tions. Charge  assembly  1*  also  complicated.  However,  the  result*  ant 
Indicative  of  the  'value  of  e uniform  explosive  in  reducing  the  round 
t»  round  variability  In  shaped  charga  tests  n 


Since  solid  explosives  have  positive  coeff Iolanta  of  thermal 
expansion  there  is  always  a tendency  fur  cast  nharges  to  omok  upon 
oooiing.  Freweed  charge*  m«y  u*auk  in  Sapaiiilfto  after  release  of  pressure. 
¥he  techniques  used,  to  insure  hijfi  densities  for  the  explosive  enhanoe 
the  tendency  for  creaking*  This  lxperfeotlon  may  occur  anywhere  in  the 
ehirge  and  in  any  direction.  ' Avars  la  no  direct  evidence  that  it 
adversely  infln^nce*  performance  • 


Folds  and  bubbles  have  the  neat  appearance  •»  radiographs.  Bubbles 
form  when  the  oooiing  it  too  rapid  to  permit  entrapped  air  to  escape 
to  *3t*  tap  6t  the  obargB  before  the  melt  solidifies,  They  al^jo  result 
ghen  diMolved  air  is  separated  out  in  the  or  jut-all  tea  fcien  procasa. 

ffedda  iteeur  * result  of  shrinking  as  the  explosive  cools.  It  is  not 
snyEVsSiBwxcsjizy  cwswlsiSiva  tvfv  *i«t)  > biawbles  or  voids  In  Tvgxviira  far 
removed  'froa  the  liner  bars  appraelabl*  influence  or.  perfomaaoe  (85)* 
SiIMsb  uj  felua  at  or  near  the  lamer  ***■  Important-.  Singls  a-eriiiea 
have  'heart  latrudwend  into  ohar&oa  1 5/6  inches  in  diameter  by  rewonring 
the  lifter,  drilling  a hole  in  the  - charge  &ad  then  replnoing  the  linsr 
{%$)  Coat*  .*1  above  In  xhioh  the  liners  were  removed  and  replaced 
indicated  m deterioration  in  performance  due  to  the  operation,  hence 
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a^y  change  in  penetration  could  be  attributed  primarily  to  the  hole 
in  ins  exp! o* lira* 


Cavity  Location 

Dacreaffle 
J/Ljfr  5/1&  Cavity 

in  Penetration 

1/5"  x 1/8"  Cavity 

J&  apex 

10$ 

5$ 

1/3  length  fro*  apex 

20$ 

25$ 

2/t  lenvth  from  apex 

30$ 

10$ 

5/6  length  from  apex 

MW 

5$ 

These  percentages  am  approximate,  but  they  indioat*  that  th*  bubbi* 
effeot  Mgr  b*  appreciable . 8tta.ll  bubble  a or  void*  distributed 
uniTumljr  UuvuEnout  tita  charge  reduce  t»«a  density.  7t<n*  a oonaid*r»«> 
tLon  of  detonation  pressure  a 2 percent  density  change  Mgr  produo*  as 
much  ae  • $ paroent  variation  in  peas  tratleu. 

flpea  are  low  dtnslty  reason*  parallel  to  th*  axle  of  th*  eharge 
produced  b*eau«*  th*  aoploaivu  do**  not  flow  into  this  region  In  th* 
final  col:  dirication.  ' They  can  b*  controlled  to  a certain  extant  tgr 
••Inf  sufficient  rier.*,  or  they  can  b*  renewed  tgr  drilling  or  merit- 
ing this  region  of  the  char  go  and  repoariag.  In  mat*  oe*«e  when  th* 
setting  mold  ia  insula t*d  a pip*  may  occur  as  a thin  cylinder  dieplaoad 
fro*  the  axle  . Wide  spread*  In  penetrations  or  th*  reduction  of  mean 
penetrations  hare  been  attributed  to  th*  eylindrleal  pip*.  Cta  th* 
ether  hand  alight  imoreeees  In  penetration  alio  hare  been  attributed 
to  th*  ware  shaping  motion  of  riall  aywsstrio  pipes  on  th*  charge  axis. 

In  general  wipes  are  considered  undse treble  because  they  are  unoontrollsd 
variations  contributing  to  th*  leak  of  charge  uniformity. 


Th*  influence  of  localised  inl\ettOg®nsitief  1*  hard  to  det*mliva. 
*»*•!»•  MM.IMNWM*  hee  tiie  effect  of  tilting  OT  Otherwise  disturbing  th* 
wedforw  detonation  front  needed  for  ideal  liner  collapse..  A considerable 
Mount  of  th*  spread  in  result*  obtained  from  a group  of  Supposedly 
uniform  shaped  charge*  a ay  b«  oeu**d  by  this  irregularity.  A*  indicated 
previously  the  use  of  a liquid  explosive,  which  is  aasiasd  gradient 
free,  resulted  in  a 50  portent  decrease  :!,n  the  coefficient  of  varia- 
bility for  the  mean  penetration.  In  these  consideration*  on*  is  con- 
cerned with  the  ultimate  performance  which  might  be  expected  frees  an 
ideal  charge.  Thin  he*  not  been  established.  It  la  therefore  not 
possible  to  indicate  how  far  one  want  go  toward  Improving  charge 
uslforalty  before  negligible  gain  ia  reproducibility  of  performance 
results * 
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lii  ffUffMurlfing  it  is  noted  that  the  axploaira  detonation  parameters 
are  fairly  well  known.  Those  of  interest  in  shaped  chargee  may  be 
computed  with  an  accuracy  of  5 to  10  ]ver  j.nt  for  a given  expletive.  In 
the  present  state  of  the  theory  this  Is  satisfactory  although  further 
refinements  nay  be  needed.  Shaped  charge  performance  at  least  in  part 
nay  be  correlated  to  detonation  parameters  so  that  the  best  explosive 
nay  be  selected  fro*  detonation  data,  explosives  with  high  detonation 
ttiioO.Uivi  Aiju  uinlitivi  ui  prti.i(TwJ»  Of  the  existing  maplosives 
Composition  B le  good,  bet  improvement  is  possible  by  going  to  s higher 
roiX  content  cyclotol  or  an  ootol  (HMtyTNT).  Up  to  20  percent  in  are  ewe 
In  penetrations  over  Composition  B can  ha  realised  by  the  proper  sub- 
stitution. 


The  affect  of  explosive  distribution  nay  be  explained  (^alitatively 
and  In  aons  instances  yiantitatira'ly.  General  rules  for  optimising 
th*  explosive  distribution  are  not  available  but  there  Is  a considerable 
experimental  background  to  golds  further  designs.  The  method  of 
initiation  is  ispertant.  isprorimeni  may  be  realised  in  shifting  from 
the  standard  point  Initiation  gjratem,  but  such  a shift  most  be  made  with 
o sat  ion. 


The  problem  of  charge  preparation  must  also  be  considered  owe  fully 
if  maximum  uniform  performance  la  to  be  achieved*  The  present  methods 
for  producing  oast  charges  give  reasonable  uniformity  and  density  but 
oo#  be  Improved  at  least  for  experimental  charges.  The  extent  which  an 
improved  charge  preparation  will  help  performance  or  ganerol  reproduci- 
bility le  not  Snare.  It.  nay  be  mall.  The  uaa  of  pressed  charges  shield 
be  considered  "lac#  it  le  possible  to  obtain  density  and  uniformity  com- 
parable to  oast  charges.  Pressing  permits  um  at  high  performance  ex- 
plosives that  are  not  castable* 

Charge  isqperfootiona  resulting  frees  the  preparation  tedudfues  have 
been  discussed  in  detail.  Ha ry  of  the  results  are  inconclusive.  Local 
Irregularities  in  tbs  region  of  tbu  liner  are  undesirable  and  contribute 
to  lack  of  reproducibility  in  penetrations.  Uniform  distribution  of 
very  mill  bubbles  reduces  th*  overall  density  of  the  charge . Hr, waver, 
this  may  hav»  only  a snail  influence  oia  general  performance. 
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CHAPTER  VI 

FUZES  ran  SHAPED -CHARGE  MISSILES 

J.  Rabinow  and  Vfa,  Piper 

National  Bureau  of  Standards 
Wuehlngton,  D.  C, 


MEs&gliaa 

This  chapter  la  concerned  with  contact  I'uiaa  :fbr  shaped-charge 
projootilee.  While  experiments  have  been  conducted  with  proxiaity  fuaaa 
for  ouch  application*,  md  tha  fuaaa  hare  proved  particularly  aultabla 
for  tha  vary  large  rounds,  at  tha  preeent  writing  It  appears  that  tha 
oheplaiclty  tol  expense  of  a proa  laity  fuaa  for  round*  aaallar  than  8- 
inoh  in  dl  net  ter  la  warranted  only  In  apaolal  cases. 

A fhie  for  a ahwped-eharge  round  haa  na*  elements  in  common  with 
ether  typaa  of  fiiasa,,  and  ease  featsuraa  which  are  unique.  A iuaw,  in 
pnaral,  ecnaiat*  of  two  aaaaatlal  alaaanta  which  arc  somewhat  Mutually 
contradictory.  It  must  peeacaa  a aafaty  aqrn tan  that  fcaepa  tha  feas 
inert  under  all  conceivable  conditions  until  eueh  tin*  aa  It  la  con- 
sidered to  bo  at  a safe  dictsac*  fra*  tha  launcher,  and  titan  tha  fuaa 
■uat  execute  a technical  amaraault  tst d be  Mae  a vary  aauaitivw  and 
lethal  device.  In  anno  of  tha  simpler  fuaaa  thaaa  two  aaparate  function a 
are  ao  intermingled  that  tha  distinction  la  acnatinaa  loat.  In  the 
■ora  aophiatioatod  fuaaa  thla  distinction  between  the  trigger  arid  the 
anting  eysUai  la  vary  aerhad  and,  particularly  in  devlnas  Ilka  the 
proximity  fute  and  the  fuses  for  guided  mlaallei,  these  two  eagponents 
ocnalet  of  aaparate  »:nd  distinct  physical  entitles. 

Becsmaa  of  fecial  retirement#  In  designing  a fuie  for  a high- 
velocity  ahaped-oh*r«r*  round,  the  triggering  and  tha  safety  device  a are 
separate  davloea.  In  bom  of  the  fuses  which  have  been  and  are  being 
designed  for  low-voloolty  rounds,  however,  the  physical  separation  ia 
net  well  defined.  The  reasfsw  tor  this  will  be  (explained  in  detail  below, 

Q^MralJ^teiefeta 


Bec&uee  tl#s  ebeped-chargs  explosion  must  be  initiated  from  the 
base  of  tha  round,  the  main  detonator's  location  is  immediately  fixed. 

In  locating  wiv  tar  sst-ssnsiag  alsM-nt,  ucs™*#?,  the  usuignoir  ha#  soma 
latitude.  It  my  be  well  to  consider  a riir.'TiC'alt  case  first,  A JOaa 
fiia-stebiliaed  gnn-fLfad  projectile  rsay  travel  at  a velocity  of  aoRe 
c,$OQ  fee t per  second.  The  distance  from  the  nose  of  the  round  to  the 
location  of  the  detonator  is  approximately  l 1/2  feet.  Oils  moans  that 
if  the  sound  ia  to  be  detonated  a very  abort  time  after  the  noae  contacts 


the  target  (the  tine  being  limited  arbitrarily  by  the  requirement  that 

the  nose  imisi  collapse  not  more  than  1/4  inch  before  the  Initiation  of 
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explosion),  the  following  requirements  of  time  exist i The  initiation 
aaist  be  started  in  8 microseconds,  because  that  !■  tne  time  required 
for  the  shell  to  travel  I/I4  inch,  If  the  detonator  requires  6 micro- 
seconds  to  d-  tonat©  after  receiving  the  signal.,  it  follows  that  the 
information  must  travel  from  the  tip  of  the  shell  to  the  detonator  i« 

2 microseconds.  Tbit)  immediately  rules  out  any  mechanical  means  of 
transmitting  the  information  from  the  front  to  the  base  of  the  shell, 
and  it  is  because  of  this  consideration  that  an  electrical  system  wee 
adapted  for  the  T20&  fuse  which  will  be  described  later. 

In  the  case  of  a subflonio  round  such  as  the  3— 1/2 -inch  rocket 
grenade  or,  even  better,  the  T37  rifle  grenade,  the  requirements  fear 
speed  of  initiafci'va  of  the  explosion  are  far  less  stringent.  A rifle 
grenade  travels  at  acme  l£0  feet  per  second.  Again,  if  one  permits  the 
round  to  deform  a l/U  inch  before  setting  off  the  high -explosive  charge, 
the  time  available  is  11*0  microseconds,  and  a mechanical  transmission  of 
information  from  the  nose  to  the  rear  element  becomes  at  lmaat  thuorsti" 
cally  possibles  Two  general  methods  airs  ejqployed  to  provide  mechanical 
transmission!  0ns  is  the  so-called  "spit-back*  ftie  where  a nail 
ahaped-oliarga  explosive  In  tbs  nose  of  the  round  is  initiated  by  a 
percussion  primes  and  fires  a jet  backwards  through  a passage  provided 
itt  the  main  cult  go  into  a base  booster,  Minot  the  velocity  of  suoh  a 
mall  jet  is  very  high,  this  provides  an  uxtnwely  rapid  apt  hod  of 
transmitting  the  trigger  action  from  the  front  to  the  rear.  Another 
approach  need  lit  rocket  grenades  is  to  have  so  inertia  v . xght  located 
at  tha  base  of  the  round,  When  the  round  contacts  a target  it  de- 
osleretee,  the  inertia  weight  elides  forward  and  fires  a perouanion 
cep.  The  disadvantage  of  this  type  of  fuse  is  that  it  is  inharintly 
slow  and  that  tha  shell  is  required  to  have  a very  rigid  nose  motion 
so  aa  to  prevent  collapse  while  the  fuse  is  going  through  its  triggering 
cycle, 

Electric*!  fusing 

Zn  order  to  I'uaa  a high-velocity  round,  several  electrical  methods 
have  bsaa  triad.  One  is  to  uee  a power  supply  such  ns  ft.  battery,  a 
switch  in  the  noae  (which  may  be  a simple  double  shell),  and  a detonator 
at  the  base  with  an  appropriate  arming  system,  Tha  second,  which  is 
really  • medifleaticsTi  of  the  first,  is  to  use  a source  of  electrical 
energy  which  is  inert  until  firing,  such  as  a simple  impulse  generator 
that  chargee  a capacitor  on  firing.  This  capacitor  can  be  made  to  hold 
its  charge  fear  the  duration  of  the  flight  of  ths  projectile  and  can  be 
discharged  by  a switch  a*  in  the  previous  case,,  This  last  approach  wfts 
used  in  tha  first,  model  of  th*  T20fl  bat  was  abandoned  in  favor  of  t.>jc 
simplicity  of  tha  piezoelectric  generator.  A third  possible  electrical 
method  is  to  uoe  a generator*  located  in  the  nose  of  tho  projectile 
which  is  energised  by  the  irupaci  with,  the  target j either  an  electro - 
magnetic  or  an  electrostatic  device  con  be  used. 
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Driving  a .snail  magnet  through  £ coil  can  be  made  to  generate 
enough  energy  to  fire  a detonator.  This  has  boon  tried  but  there  are 

oertaia  difficulties  in  actuating  such  a device  at  various  angles  of 
impact  and  alao  keeping  it  mail  enough  to  be  put  into  the  ness  of  a 
shell  and  not  interfere  with  the  formation  of  the  jet.  TLj  method  now 
being  employed  in  several  fuses  makes  use  of  the  piezoelectric  effect 
of  a barium  tiianate  element.  The  barium  titanate  crystal  as  used 
in  this  fusing  system  has  been  given  the  coded  terminology  of  "Lucky" 
fuse  and  should  be  ao  referred  to  whenever  possible.  Figure  1 shows 
toe  general  arrange  out  of  such  a ruse. 

A mall  disk  of  this  material,  approximately  1/16  inch  thick  and 
3/8  inch  In  diameter,  is  located  at  the  forward  end  of  the  round. 

The  disk  is  silvered  on  both  sides,  and  electrical  connections  are 
brought  out  from  the  two  silvered  surfaces.  One  side  of  the  disk  is 
usually  "grounded",  and  a wire  lead  is  brought  from  the  other  surface 
through  a miitabla  arming  switch  to  the  detonator.  In  the  high-vclocity 
rounds,  a rubber  cushion  is  placed  between  the  barium  titanate  disk 
and  the  metal  ogive  of  the  projectile.  This  is  don*  so  that  rough 
handling  will  not  break  the  crystal.  The  rubber,  however,  transmits 
higfa-velo  aity  shocks  with  very  little  attenuation,  so  that  upon  contact 
with  the  target  it  acts  as  a solid  and  the  barium  titanate  disk  is 
subjected  to  a large  and  sudden  compressive  force.  When  subjected  to 
shock  large  tnough  to  crash  the  element,  such  disks  deliver  as  much  as 
1200  volts  on  open  circuit  and  will  fire  a nominal  1000-erg  detonator 
within  ID  micro  seconds.  Because  they  are  essentially  high-imp  sdanc© 
devices,  b arias  titanate  generators  are  generally  used  in  conjunction 
with  carbon  bridge  detonators. 

Because  of  the  simplicity  of  such  a fuse,  this  system  is  also 
being  used  in  the  T2O30  for  3-1/2 -inch  rocket,  T205;  the  T221*  for  the 
7p«ra  recoilless  round,  H88j  the  T2028  fuse  for  the  high  velocity  roc  lost, 
12017j  and  the  71011*  fuse  for  the  T37  rifle  grenade.  Experiments  are 
now  under  way  with  lew  velocity  rcunde,  with  the  intention  of  locating 
the  barium  titanate  element  at  the  base  of  the  projectile,  in  the  s»<p 
package  with  thf  arming  system  and  the  detonator,  anti  to  iranmnlt  a 
mechanical  shock  to  it  through  the  body  of  the  projectile.  As  stated 
previously,  this  is  possible  where  sufficient  time  after  Lcpact  is 
available. 

Arsing  Systems 

The  arming  systems  for  the  ahaped-eharge  pounds  can  be  of  many 

TJpf®  S(KWDtiols  fo?  oth*?  V>i  o|h«<ivw1  vwvtjajJc.  Zf’ljdijrt=?  pli&ii, 

wires,  and  other  externally  operated  devices  may  be  used.  Sxtsrnaji. 

0 Is  e'er  leal  systems  can  be  eensseted  to  the  fuze,  air  pressure  d avion  a 
aay  be  sarployed,  a. tc.  The  systems  generally  being  adopted  at  the 
present  tine  make  use  cf  acceleration  of  the  round  in  such  a manner 

arming  will  occur  only  at  scats  tiue  after  the  round  has  reached 
nredsstsTTajj^cd  miaiaium  velocity  and,  if  required,  after  ~ specific 
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additional  time  has  elapsed  After  firing.  Since  hermetic  sealing  of  the 
fuse  le  alwtye  desirable,  the  use  of  acceleration  is  particularly 
attractive  since  this  Is  tb»  only  eri'act  that  can  cporats  in  a completely 
sealed  system*  The  specific  method  that  is  u*mi  is  to  integrate  aceelera 
tion  ever  a certain  time  so  as  to  distinguish  botween  proper  firing  and 
accidental  Acceleration  euoh  as  shock  in  handling,  and  particularly  in 
accidental  dropping  of  the  round. 

A typical  acceleration  device  is  shown  schematically  in  Figure  2. 

It  unnatur.H  r.£  ssvsr-i  set-back  vsij^to  hsld  forward  by  springs  mad  io 
an  ranged  that  they  mist  move  back  in  sequence.  The  doviae  Is  further 
so  arranged  that  If  only  sons  of  the  weights  have  moved  back  under  the 
action  of  acceleration,  and  the  acceleration  ceases,  they  all  return 
forward  so  that  the  fuse  eanaot  remain  partially  armed.  The  restoring 
springs  also  serve  to  increase  safety  because  they  set  the  threshold 
acceleration  that  Is  required  before  the  elements  will  respond  at  all. 
Oetsiln  of  s cbm  of  the  arming  systems  will  be  dasoribed  under  the 
appropriate  fuse  heading*  An  out -of -line  detonator  is  universally 
employ*: »d  because  it  is  generally  considered  that  detonators  are  lees 
etattLe  then  other  component*  of  the  explosive  system.  The  evidence 
that  cieotrio  detonators  are,  In  themselves,  dangerous  is  very  scanty. 

The  writer  knows  of  no  ease  where  an  eleetrioal  detonator  was  exploded 
tar  aw  means  other  than  applied  electrical  energy.  This  does  nut  naan 
that  heat  due  to  a ft  re  could  not  fire  a detonator,  but  because  the 
detonator  is  normally  surrounded  by  high  explosive.  It  is  doubtful  that 
♦hie  presents  say  additions!  ha«trd  over  that  generally  ofcfcaiiwd  who= 
high-explosive  shells  are  subjected  to  e fire.  The  electrical  detonatora 
aa  used  in  shaped-eharge  round*,  need  net  be  of  the  very  sensitive  type,, 
This  whoa  Id  make  them  safer  to  handle  than  others  of  that  general  olass,, 

The  above  fanatics  relative  to  electric  d«t  emu tors  should  be  con- 
siderably qualified  In  the  case  of  oerUiti  rounds.  In  set*”'*.!  shapad- 
ohargs  fuses,  grass  action  Is  achieved  by  ft  mechanical  stab-primer  which 

S lodes  a "slay  of  l,eed  aside  which,,  in  turn,  explodes  the  main  electric 
detonator^  Because  cf  the  sensitivity  of  each  en  arrangement,  out- 
wf-line  mechanisms  are  required*  It  is  also  possible  that  high-velocity 
impart  will  function  an  elec trio  detonator.  In  the  field,  therefore, 
light-wall  anaamltioa  way  be  esriouely  Jeopardi  sed  by  stray  fragments . 
Hale  say  not  be  true  in  the  oase  of  rounds  with  very  thick  wells,  in 
which  the  detonator  is  Amply  protected  from  any  fragments  but  those  of 
the  highest  velocities* 

A eimpls  method  of  obtaining  both  eleotr’ical  and  mechanical  arming 
in  to  place  tha  detonator  into  a movable  «**mber  ranb  ae  a mall  cylinder, 
men,  with  a single  motion,  it  is  possible  to  align  the  detonator  with 
ths  rest  of  the  'ssplcsivs  train  and  at  the  same  time  to  close  the 
electrical  circuits.  In  the  "safe*  position,  the  detonator  can  ba  abort- 
circuited  or  left  unconnected.  It  hat  been  stated  that  it  would  be 
desirable  to  keep  ths  detonator  short*  circuited  when  in  the  "safe'1 
position.  The  writers  are  of  ths  opinion  that  if  ths  fuse  is  contained 
la  a metal  caws,  this  is  a superfluous  requirement  because  there  is  no 
possible  way  in  which  an  electrostatic  charge,  duo  to  extemtl  causes. 
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can  be  accumulated  inside  a completely  shielded  enclosure.  It  is  assumed,, 
of  course,  that  the  elactrioal  arming  system  is  adequate  to  prevent 
galvanic  current*,  or  piezoelectric  currents  due  to  set-back,  from  reach- 
ing the  detonator. 

gttfiiasJtoi 

T2oe 


This  Is  oss  of  the  ssrly  nteanaiaatrlo  fuses.  I&  the  original, 
model,  an  liapu lee- generator- capacitor  systea  vu  employed . A photograph 
and  aobanatlo  of  the  original  version  are  shown  in  Figure*  3 end  3».  The 
generator  consists  of  a coil  approximately  1 Inch  in  dime* ter  and  3/6  inch 
ihiok,  wound  with  very  fin*  wise*  in  alnico  nagnet,  3/6  inch  in  diameter 
and  3/2  loch  long,  1*  plaoed  inside  the  coil*  On  set-back,  a multl- 
tiewmt.  device  releases  the  aagaet,  vhich  aoves  rapidly  out  of  the  oodll* 
Thie  produce*  e hirfi -voltage  puleo  that  ohargee  a capacitor.  To  prevent 
the  capacitor  from  subsequently  discharging  beok  through  the  ooll,  e 
br  taker  evitoh  t*  mounted  In  in  path  of  the  alnico  nagnet  bo  that  the 
charging  circuit  is  timed  to  0|>e,,  Just  after  the  capacitor  ha*  been  fully 
charged,  The  capacitor  then  holds  its  charge  until  impact,,  at  idiioh  tine 
th»  double-wall  nose  "switch"  discharges  tha  capacitor  thj'wgh  the  deton- 
ator. Although  the  very  first  fuse  of  this  type  worked,  itebwquent  tests 
were  eKtrsawily  unaatlefaetory  end  the  fuse  was  abandoned  Iteoause  of  its 
relative  complexity  as  compered  with  the  barium  tiUnate  design. 

A photograph  of  the  components  of  tha  barium  tltanate  1806  ham* 
la  shorn  in  Figure  1*.  Thie  1*  tha  latent  model,  dealgnated  T206A7. 

The  safety  of  the  fuse*  la  bankl  on  the  thnw-lead  eet-baok  device 
shown  in  figure  Ue.  lha  la  eras  are  auado  of  aluminum  for  Ughtnes^i 
beoause  of  the  very  hi^i  acceleration  of  Vt*  round,  and  are  in  ter  looked 
by  snail  steel  pins,  which  can  be  seen  in  the  photographs*  Each  leaf 
la  held  in  lte  forward  position  ly  a small  spring,  and  the  weight  of 
each  leaf  ar.i  spring  oasbination  is  such  that  a set-buck  force  of 
U,000  g is  required  for  the  leaves  to  move  back*  The  third  leaf  of  the 
rale&see  the  anting  rotor  that  carvle*  the  detonator.  Friction 
baiwAea  the  rotor  and  housing  prevents  it  from  taunting  until  aetbaok 
drops  'to  about  100  g.  Thie  aseures  bore -safety.  Without  any  additional 
delay  moch&niam,  the  rotor  turn*  in  about  *J  milliaaconde  and  therefore 
arms  the  round  1$  feet  from  the  wmle  of  the  gin  (in  the  PfiCK)  fp*  TlOfl 
rcund).  By  the  addition  of  a small  flutter  mechanism,  the  rotor  can  be 
delayed  so  that  the  round  arm*  at  25  foot  from  the  musslo  in  a 1000-fpe 
round.  Tills  la  the  lowest  velocity  contemplated  for  thie  fuse. 

Onm  side  of  the  detonator  ia  grounded  to  the  rotor j the  utliar  la 
brought  out  to  a contact  Spring  vhich,  upon  arising,  makes  contact  to  a 
stationary  terminal#  ,3Me  terminal  ia  connected  to  the  barium  tit  ana  ts 
nose  element  * The  fuze  is  contained  within  a he  aw  ateei  wall  tc  confine 
the  detonator  blast  if  it  ohould  explode  ir.  the  out-of-line  posit  ion, 

A siiall  thinned-out  seotion  of  tha  barrier  plat*  separates  the  detonator 
from  tha  booster  <?ind  couples  the  explosive  elements  in  the  in-line 
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FIG  4a.  Enlarg-d  view  of  eefoark  leaf  uitmblr  for  T203.  arrows  »fcow  direction*  of  leaf  movement* 
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position*  Originally  a pellet  of  tet-eyl  was  placed  in  thie  depression, 
bat  *Rib*«c?i*»tdy  the  unit  h*.»  be*«  modified  by  making  #•,  through  hole  In 
the  barrier  plate  end  later  pressing  ,1a  a gilding-no  tai  lend  cup.  The 
faso- triggering  element  la  a disk  of  barium  titaaaie,  3/8  inch  is 
disaster  and  approximately  1/16  inch  thick*  It  is  mounted  as  dhotm  in 
Fi|pjire  S*  A oap  of  rubber  cr  similar  material  Is  placed  otrer  the  btriu* 
tit«eiate  la  such  a way  as  to  fill  the  spaoe  between  it  and  the  ogive* 

A float ibln  atrip  of  metal  la  pushed  through  the  rubber  so  as  to  form  the 
eleotrioal  connect!*  between  the  top  surfaoe  of  the  barlua  titaneto 
end  mi  ogive*  The  rwber  provides  ibs  i^Lsrsssw  *«*a-ut*  1*>  ^tra^Xr 
ead  serves  to  protect  tb«  barium  titans ts  o lament  In  rough  hwadIHmg  of 
the  round*  At  higMreloclty  lepaot  with  a target,  however,  ithn  rubber 
acta  is  a rigid  element  and  transmits  impact  without  substantial 
atteauation* 


The  lower  surfaoe  of  the  lanky  rests  on  the  inner,  insulated,  cone 
shiah  serves  both  as  a support  sad  as  pert  of  the  electrical  circuit* 
4m  insulated  wire  is  connected  to  tho  bottom  of  this  com  tad  paenoe 
through  a natal  oonduit  whloh  is  rigidly  attached  to  the  lmer  eiu/aoe 
of  the  ssplosivo  This  wire  temlnatea  at  a connection  on  the 

bans  element.  One  of  the  difficulties  encountered  in  providing  an 
electrical  eonueotion  from  the  front  to  the  back  of  the  round  was  that 
m hi#  value  of  aoosleratien  made  a d.Ag««ein  comaction  difficult 
to  achieve*  A rather  strong  wiki*,  node  of  7 #28  AVQ  it+.rsad*  of  Alcoa 
•>2fl  and  covered  with  0*010  Inch  nylon  Insulation,  was  finally  devalopad 
and,  by  the  use  of  the  lamer  cone  as  part  of  the  oirouit,  was  knpt  ss 
•tort  ss  pfstsibls* 


This  fuse  has  given  exocllent  performance  in  preliminary  torts 
and  at  tho  pireseat  writing  is  In  initial  stages  of  largo-seal*  pro- 
duction* Figure  6 kbam  severel  nequenem  pbettgrephe  of  the  ?Q». 
m8  round  equipped  with  the  1206  fuse  impacting  against  ^-inon  anaor 
plati*  The  photognpUs  were  taken  at  approximately  8,000  franca  per 
sosewfi.  es  that  the  velocity  of  the  round,  the -time  for  f*>*«  function, 
and  the  velocity  of  the  penetration  of  the  jet  can  bo  estimated.  The 
fane  works  satisfactorily  up  to  angles  of  lapse t of  6$°. 


A graso  action  of  this  round  is  now  (early . 1?!S 3 ) in  tho  process 
of  being  developed  sad  will  bo  added  to  the  production  fuse  in  the 
near  future*  It  ooasistr  of  A weighted  mass  attached  to  a firing  pin. 
(19oe  Plains  ?)  0m  Impact  the  inertia  drives  the  firing  pin  into  a 
•iWb-ssasltiro  primer*  The  primer,  in  turn,  initiates  - fiS&ia-seneitive 
charge  of  lend  aside*  The  lead  unida  relay  explodes  tba  electrical 
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rostrelmsd  from  waring  until  the  .rotor  eiotbe  to  the  in-line  poaitioa* 

A snail  compression  spring  fcaepn  the  Inertia  weight  frc*a  creeping 
rorsaro  during  xiigai,  and  thus  roduesa  the  kinetic  energy  ths 

a-Tving  ?«iighi  develop*  duriug  tba  deceleration  das  to  a graw  impact* 
Alternately,  th®  lead  aside  relay  can  be  replaced  by  a barium  fcltanaie 
oryatal  which,  cospreaesd  by  the  pi*ia«r  paae»?  produce*  «n  electrical 
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pulaa  that  can  fire  the  main  detonator. 


The  MliO).'  bazooka  fuse  ,1a  typical  of  the  bore-riding-pin  arming, 
raachanical-irvariin  fuae*  It  ia  shown  difigramatically  in  Figure  /i* 

The  bore-riding  pin  i»  held  in  plnoe  by  an  inertia  weight  whoa  the 
round  ia  in  the  launcher*  Ufeott  firing,  Idie  inertia  weight  releases 
the  pin,  whioh  ie  then  prevented  frow  leaving  the  round  by  the  well 
of  t)M  Am  tbm  miinI  the  tubs,  the  pin  is  ejected 

sideways  by  a spring,  and  the  fuae  ia  anted  immediately  after  this* 

Upon  icpaot  with  the  target,  the  round  is  decelerated,  and  the 
inertia  mass  mores  the  percussion  pin  forward,,  fired  the  detonator, 
and  thus  initiates  liw  explosion.  The  inertia  velvet  in  not  faatened 
to  the  firing  pin,  but  aota  through  a third-class  lever  system, 
multiplying  the  motion  eo  that  1 motion  inorowant  of  weight  oauaes 
about  0 motion  ir.cressante  of  the  firing  pin* 

Fusee  of  this  general,  type  hare  several  Inherent  disadvantages. 

One  ia  that  titers  la  no  appreciable  safety  daisy  after  firing}  hence, 
eoataot  with  camouflage  or  the  branches  of  a tree  css  cause  an  early 
runouon*  The  bore-riding  pin,  being  an  externally  operated  device, 
prevents  the  complete  hermetic  staling  of  tfaa  fuss  and  while  rubber 
gasketed  caps  ere  employed  in  shipment,  moisture,  ice  and  corrosion 
have  to  be  continually  fought  in  such  designs*  This  type  of  fuae 
mleo  suffers  from  the  disadvantage  that.  It  is  wry  dif  ficult  to  make 
it  operate  properly  upon  freeing  Impact,  figure  9 shows  what  happen* 
when  such  e round  impacts  very  Obliquely  against  the  target.  The 
foroe  cif  deceleration  under  auoh  conditions  has  a large  o capons nt  at 
right  angles  to  the  axis  of  the  round,  and  under  certain  conditl«na 
the  friotlonal  force  (due  U>  Un  aide  acceleration)  is  sufficient 
to  prevent  the  weight  from  eliding  forward.  Thie  ie  also  a difficulty 
encountered  In  providing  graae  action  in  ©lacirical  fhces.  Several 
methods  of  ulnialsitss  this  frhtlorv  have  been  tested.  One  ia  to  use 
one  or  taro  ittoel  balls  In  place  of  the  sliding  weight,  as  shown  in 
Figure  10a*  Another  is  U provide  a linear  ball-bearing  as  shown 
in  Figure  10b j still  another  la  the  cammed»rod  typo  shown  In  Figure  10c. 
Such  schemes,  while  retiuetng  the  frictional  tarema  r>n  the  inertia 
weight,  also  increase  the  complexity  and  coat  of  the  round. 

The  greatest  disadvantage  of  an  inertia-weight  mechanical  fuze, 
however,  i«  its  slw  action.  Aasraae,  for  example,  that  the  weight 
has  to  move  0,1  Inch  to  function  the  primer}  the  nose  section  has 

/ 1 —,  liypl  nnl  AAeaj  aw  zoyapyi mwaw  jwa  am  ifi  00^1^39105  0™  ^00 

pounds}  the  grenade  weight*  5 pounds  and  has  a value ity  of  200  fps* 

This  moans  that  on  .impact  the  shall  decelerates  at  100  g,  or  ,3200  fp>,-, 
Tiie  inert.:!.*  weight,  then,  moves  forward  through  the  0„1  inch  in 
0.0023  second.  The  shell  is  therefore  detonated  after  the  nose  has 
crushed  about  5 inches.  Tills  rou#h  computation  sssmado  U.AfVu  tllC 
velocity  of  the  Shell  suffers  negligible  reduction  during  the  impact. 
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An  els ctrl cal  fuse,  the  T2030,  for  this  3 1/2-inch  roehst,  la 
being  developed  (•#«  photograph  , Figure  11, and  111).  It  la  ala  liar 

to  the  two  electrical  fuaaa  larevioualy  described  except  that  the  set- 
back weights  are  heavier  and  acre  through  larger  angles  and  arc  sup- 
parted  by  relatively  softer  springs.  This  la  beoauae  of  the  lower 
vnlns  of  acceleration  eaoountered  by  this  round.  Originally,  the  fy.se 
was  specified  to  initiate  arming  between  300  and  1*00  g.  Complete 
arming  was  to  taka  place  between  20  and  3$  feet  from  the  launcher. 

Work  waa  undertaken  am  an  improved  round  which  required  release  for 
•nine  between  9X>  and  1200  g.  The  acceleration  period  was  shorter, 
necessitating  a reduction  in  the  amber  of  oet-back  leans.  Once 
tbs  set-baok  Is  ares  release  the  rotor,  and  the  acceleration  drops  to 
sen,  ths  rotor  is  restrains!  by  a delay  system.  The  delay  Is  pro- 
vided by  a starwhssl  and  oaeillating-pallet  flutter  mechanism  which 
is  geared  to  the  rotor. 

The  lucky  element  is  hemispherical  so  as  to  present  a larger 
area  at  ths  point  of  inpact  and  to  alien  the  mode  of  polarisation 
most  favorably  to  ths  impact  stress.  Subsequently,  however,  further 
study  and  tests  reveal  that  a suitably  mounted  flat  disk  may  be 
superior,  sines  ths  ratio  of  strained  area  to  total  area  at  impact 
nay  be  larger  than  ip  ths  corresponding  hemispherical  unit.  The 
unstrained  part  of  a Inelqr  does  not  contribute  aay  energy  to  the 
external  circuit  and  behaves  as  a capacities  shunt,  reducing  the 
energy  available  to  the  detonator.  The  coat  of  the  flat  unit  appears 
to  be  about  1/lD  that  of  a corresponding  hemispherical  unit,  making 
it  particularly  attractive. 

The  grass  element  which  is  being  considered  at  the  present 
writing  is  essentially  of  ths  Inertia  type,  with  two  variations 
(See  Figures  It*  and  Ilia).  Variation  Number  1 is  slsgply  a eliding 
weighted  firing  pin,  free  to  strike  a primer  when  the  round  is 
decelerated.  Variation  Number  2 is  similarly  a weighted  firing  pis 
but  resting  on  a earned  surface  so  that  the  force  normal  to  the  axis 
of  the  rennd  due  to  a glancing  impact  can  assist  in  moving  the  firing 
pin  into  the  primer.  Because  of  space  considerations  it  was  necessary 
to  locate  ths  primer  back-to-back  with  ths  detonator.  A longitudinal 
blow-bole  along  ths  primer  and  detonator  directs  the  primer  flash  to 
the  lead  aside  relay  located  at  the  most  sensitive  spot  of  the  detonator. 
This  entire  assembly  could  be  replaced  by  a combination  detonator,  were 
one  available.  As  yet,  however,  there  are  only  experimental  layouts 
of  such  an  item. 

At  the  present  writing,  this  fuse  has  passed  its  laboratory  tests 
bmt  will  sot  be  put  into  production  until  work  on  the  shaped  charge 
head  is  completed  and  eervice  beard  testa  can  be  run. 
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For  the  T181*,  57mm  fin- stabilized  round  to  be  fired  from  & 
re collies*  rifle,  * fuze  very  stellar  to  the  T208  ha*  been  developed. 
Because  of  space  considerations,  the  base  element  is  of  smaller  diameter 
and  somewhat  longer.  Again  a multiple -element  set-back  device  is  used 
as  the  safety,  but  in  this  case  the  set-back  leaves  are  arranged  in  a 
single  plane,  as  can  be  seen  in  Figures  12  and  12a.  It  is  believed  that 
this  leaf  arrangement  Is  superior  to  the  ones  previously  described  m 
that  no  inti,  .locking  pins  are  employed,  the  angles  through  which  the 
leaves  rotate  are  greater,  and  visible  inspection  of  the  assembly  is 
much  easier. 

In  the  matter  of  th«  electrical  connection,  however,  a radical 
departure  from  the  wiring  system  of  the  T208  is  being  tested.  (See 
Figure  13).  The  copper  liner  is  made  with  a flash  tube  and  mounted 
so  as  to  be  Insulated  from  the  body  of  the  round.  Together  with  the 
inner  cons  supporting  the  lucty,  it  provides  the  electrical  connection 
between  the  barium  titanate  and  the  fuse.  The  fuse  is  provided  with 
a special  terminal  which  plugs  directly  into  the  flash  tube  so  that 
no  other  wiring  ia  required  in  assembling  the  round  and  a very  efficient 
assembling  procedure  is  therefore  provided.  It  is  hoped  that  a similar 
change  will  eventually  be  incorporated  into  the  T108  round  as  well. 

The  general  specifications  for  the  T221*  fuse  are  as  follows: 

The  nominal  acceleration  of  the  round  is  12,000  g;  the  fuze  must  release 
for  arming  at  U,000  g and  arm  not  less  than  25  feet  from  the  muzzle, 
and  must  function  at  all  angles  of  incidenco  up  to  65°.  It  is  also 
being  provided  with  a grass  action. 


This  is  a fuze  designed  for  a low  velocity  round,  the  T37  rifle 
grenade  (See  Figure  16).  Accelerations  encountered  by  the  fuze  average 
1200  g for  U railliseconds  and  the  final  velocity  of  the  round  it*  about 
150  feet  per  second.  The  fuze,  shown  in  Figure  15,  is  similar  to  the 
other  electrical  fuzes  previously  described,  with  the  appropriate  set- 
back weights  causing  its  arming,  A wide  variety  of  graze  mechanisms 
have  been  proposed  and  tried  for  this  round.  Thus  far  most  of  them 
have  failed  to  function  the  round  consistently  on  the  first  impact, 
particularly  whan  hits  are  made  cn  soft  earth  with  very  little  obliquity. 
This  may  bo  unrepresentative  of  service  conditions,  but  it:  an  excellent 
laboratory  goal.  The  design  that  is  most  premising  uses  a spring- 
loaded  firing  pin  that  is  iri  by  ir*t£ri«rccpc  rated  member ♦ 

The  energy  necessary  to  fire  the  primer  then  can  be  predetermined,  and 
the  graztj  system  can  be  marie  as  sensitive  as  desired.  Initially,  it 
was  intended  to  include  delayed  arming  and  a graze  mechanism  in  the 
fuze.  However,  due  to  the  urgent  requirements  for  an  armor-piercing 
roxuki  of  this  type,  it  was  decided  to  release  the  basic  fuze  first 
and  then  prove  cut  the  additional  features  for  incorporation  in  the 
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fuze  at  a later  date.  Because  of  the  very  low  velocity  of  the  round, 
and  the  requirement  for  proper  functioning  at  large  angles  of  incidence, 
the  rubber  protective  shield  has  been  removed  from  the  lucky  and  a 
rather  large  iuclsy  is  being  used.  The  fuze  performed  well  in  the 
initial  tests  and  is,  at  the  present  writing,  going  into  large  scale 
production. 

Footnote 


Barium  titanate  (BaTiO^)  is  a hard,  light-colored  polycrystalline 

substance  which  looks  very  much  like  china.  The  composition  which  has 
found  greatest  use. in  fuzes  contains  lead  titanate  in  controlled  amounts 
for  improved  high-temperature  performance.  Its  dielectric  constant 
of  approximately  1*>00  is  somewhat  lower  than  the  material  used  for 
ceramic  capacitors.  It  is  prepared  for  use  by  mixing  the  component 
powders  and  pressing  them,  while  slightly  moist,  into  the  desired  shape. 
The  green  units  are  fired  in  a furnace  at  about  1300 °C.  A silver 
paint  is  applied  and  fired  at  about  690°C  to  form  the  electrodes.  The 
units  are  then  made  piezoelectric  or  polarized  by  applying  a high  d-c 
voltage.  Voltages  of  70  to  80  volts  per  mil  of  thickness  are  used  and 
the  unit  is  immersed  about  a half-hour  in  an  insulating  liquid  to  pre- 
vent sparkover  and  corona.  The  units  are  then  ready  for  use  and  . emain 
active  permanently  as  far  as  can  be  ascertained,  deteriorating  only 
with  temperature  in  excess  of  the  Curie  point,  which  is  about  120°C. 

The  acplication  of  a stress  produces  a potential  difference  between 
the  electrodes.  If  a load  is  connected,  current  will  flow  and  produce 
electrical  energy.  The  following  general  equations  relate  the  energy, 
voltage,  and  physical  characteristics  of  the  material. 

Voltage  output,  V ■ 2.2P  t where  V - volts,  P » pressure  in  psij 
t ■ thickness  in  inches; 

Energy  ■ 1.1  x 10_^F^  . j , 

E » energy  in  ergs, 

F - force  in  pounds, 

, * 

A ■ area  in  sq.  in. 


*bata  from  Franklin  Institute  Report  6-16-51,  l -15-51,  P*  221*7— 
Information  compiled  from  Properties  of  Piezoelectric  Barium  Titanate 
Ceramics  issued  by  Erie  Resistor  Corp.,  and  article  Journal  Acoustical 
Society  of  America,  Volume  2U,  No.  6,  p,  709,  Nov.  1952,  Electro- 
mechanical Properties  of  BaTiG^  by  Brush  Development  Company. 
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Because  of  the  low  velocities  of  the  rifle  grenade  and  the 
3 1/2 -inch  rocket  grenade,  experiments  are  being  made  with  a view 
to  the  reloc.  tion  of  lucky  to  the  rear  of  the  round.  It  should  be 
possible  (theoretically,  at  least)  to  transmit  a mechanical  shock 
through  these  rounds  fast  enough  to  detonate  the  rounds  before  the 
nose  is  appreciably  crushed,  The  relatively  weak  ogive  in  the  case 
of  both  the  rocket  grenade  and  the  rifle  grenade  is  such  that  this 
is  somewhat  difficult  to  accomplish.  However,  preliminary  tests 
using  a fairly  rugged  structure  are  encouraging.  By  mounting  a 
barilla  titanate  crystal  in  the  base  element,  backed  by  an  appreciable 
mass  of  metal,  it  appears  possible  to  generate  enough  current  to 
detonate  the  fbse  by  a transmitted  mechanical  shock.  If  this  arrange- 
ment proves  to  be  practicable,  it  would  make  possible  a single  compact 
assembly  of  the  entire  fuse  with  the  concomitant  advantages  of  com- 
plete sealing,  simple  packaging,  and  simple  assembly  into  the  round. 

It  is  interesting  to  note  that  the  T37  grenade  itself  was  developed 
in  conjunction  with  the  fuso  and  has  special  features  of  assembly 
and  construction  for  the  support  of  the  lucky  and  of  the  base 
element.  This  tendency  to  parallel  and  integrate  the  development 
of  the  round  and  the  fuse  is,  in  the  writers*  opinion,  highly  desir- 
able and  should  be  encouraged.  Too  often  in  the  past  the  fuse  designer 
has  been  confronted  with  an  existing  round  which  is  far  from  optimum 
from  the  over-all  engineering  point  of  view,  and  has,  therefore,  been 
handicapped  by  inadequate  space,  poor  location,  or  fastening  means. 
Intelligent  compromise  between  the  vehicle  and  fuse  parameters  should 
always  result  In  a more  soundly  engineered  and  integrated  weapon, 

FIELDS  FOR  FUTURE  WORK 


"One  Piece"  Fuses 


There  is  little  question  that  a single  compact  unit  fuse  would 
be  most  desirable  for  the  shaped-charge  rounds.  Many  of  the  ordinary 
fuses  were  made  as  a single  package  and  depend  on  the  deceleration 
of  the  round  for  actuation.  For  reasons  stated  previously,  such 
fuses  were  generally  too  slow  for  modem  weapons.  4 promising  field 
of  work,  therefore,  is  in  the  development  of  high-speed  fuses  which 
can  be  mounted  at  the  base  of  the  round  and  which  will  be  actuated 
by  nose  contact  with  the  target.  Experiments  conducted  at  NBS  and 
elsewhere  indicate  that  if  a sufficiently  sensitive  fuse  is  designed, 
the  mechanical  shockwave  produced  by  contact  with  the  target  can  be 
employed  for  triggering.  Unfortunately,  there  are  many  difficulties 
in  this  approach.  If  the  ogive  wall  is  thin,  the  anplitude  of  i he 
shock  is  quite  low,  and  it  is  difficult  to  derive  enough  energy  from 
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ogive 8 are  one  possible  solution,  but  have  the  limitation  of 
adding  unnecessary  weight  to  the  round.  More  sensitive  fuzes  can  be 
built,  but  they  require  much  more  sensitive  detonators,  and  the  best 
detonators.,  presently  available  are  probably  not  good  enough*  Electronic 
amplification,  particularly  with  the  use  of  transistors  and  very  small 
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batteries,  may  be  worthwhile,  particularly  in  the  larger  rounds.  In 
any  case,  the  problem  of  triggering  a base  fuze  by  nose  contact  at  very 
high  speeds  should  be  worked  on  intensively* 

Fuzes  with  Long  Standoffs 

Because  certain  charges  in  combination  with  certain  liners  appear 
to  give  improved  performance  with  very  long  standoffs,  there  is  a 
fruitful  field  of  work  in  fuzing  for  this  application.  In  the  case  of 
bombs  and  other  very  large  projectiles,  VT  fuzing  is  entirely  possible 
and  has  been  the  subject  of  experimentation.  While  no  fuzes  are  now 
completely  engineered  for  this  service,  there  is  no  doubt  that  fuse 
functioning  can  be  obtained  for  any  standoff  from  a few  inches  to 
many  feet  with  fairly  good  accuracy,  and  if  long  standoffs  prove  to 
have  the  anticipated  advantages,  this  should  be  a fruitful  field  of 
work.  Other  methods  of  obtaining  long  standoffs,  such  as  extension 
probes,  leader  projectiles,  and  bouncing  mechanisms,  are  at  least 
theoretically  possible. 

Hand  and/or  Rifle  Grenades 

It  is  conceivable  that  shaped  charges  could  be  effectively  applied 
to  hand-thrown  grenades.  This  wculd  mean  that  special  fuzing  designed 
particularly  far  very  low  Velocity  inpact  would  have  to  be  developed. 

The  experience  with  fragmentation  hand  grenades  would,  of  course,  be 
applicable  here  except  that  all-way  fuzing  may  not  be  required  because 
the  shaped-charge  grenade  must  necessarily  be  oriented  at  the  time  of 
impact. 

The  National  Bureau  of  Standards  is  now  experimenting  with  a com- 
bination rifle  and  hand  grenade.  While  this  grenade  is  not  now  designed 
for  shaped-charge  work,  it  would  be  fairly  easy  to  modify  it  for  this 
purpose,  and  it  may  serve  as  a starting  point  for  the  development  of 
armor-piercing  hand  grenades.  The  fuze  is  of  a 3imple  inertia-weight 
type  and  should  be  entirely  satisfactory  because  of  the  low  \eloclty 
of  the  round. 

Detonator  Re search 


The  study  of  initiators  is  of  particular  importance 
problem  of  fuzing  for  shaped-charge  rounds.  In  the  writ*,-  pinion, 
the  present  knowledge  on  detonators  is  far  from  sufficient  athough 
very  rapid  strides  are  being  made  to  fill  in  the  gaps.  The  design  of  the 
proper  detonators  is  quite  archaic,  and  a great  deal  of  work  is 
obviously  indicated  in  simplifying,  miniaturing,  and  reducing  the  cost 
of  electrical  detonators  suitable  for  the  mass  production  of  shaped- 
charge  fuzes.  The  present  electric  detonators,  or  initiators,  are  a 
throw-back  to  the  blasting  caps  used  in  industry,  end  their  dscign  is 
euch  that  the  cost  is  5 to  10  times  as  high  as  it  should  be.  New 
detonators,  designed  specifically  for  automatic  production,  for 
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machine  insertion  into  fuzes,  for  automatic  connection  to  the  circuitry, 

etc.,  should  be  developed. 

The  business  of  connecting  a detonator  into  a circuit  by  bending 
two  pieces  of  wire,  tightening  them  under  screwhoads,  or  soldering  them 
in  place,  is  indefensible.  A very  appreciable  saving  in  the  cost, 
safety.  And  over-all  elegance  of  a fuse  can  be  achieved  by  radical  re- 
design of  electrical  initiators.  This  work  would  also  be  very  profitable 
not  only  to  the  shaped-charge  field  but  to  the  field  of  V T fuzes,  mines, 
banb  fuzes,  and  all  ordnance  where  electrical  initiation  is  employed. 

Another  important  field  of  work  that  should  be  pursued  is  the 
investigation  of  the  safety  of  electric  fuzing.  The  arguments  for  using 
in-line  and  out-of-line  detonators  should  be  carefully  reviewed.  Con- 
siderations of  safety  against  fire,  shock,  and  accidental  application 
of  electrical  energy,  should  be  investigated  without  the  bias  that  is 
present  in  the  field  today  due  to  greater  experience  with  mechanical 
initiators.  Because  many  shaped-charge  fuzes  are  buried  inside  the 
explosive  cavity  of  a round,  safety  from  fire  may  be  easier  to  achieve 
than  in  other  fuzes.  It  is,  perhaps,  possible  to  design  electrical 
detonators  which  are  as  safe  from  shock  as  the  main  charge.  If  this 
is  so,  requirements  for  out-of-line  detonation  may  be  eliminated.  If 
very  large  amounts  of  electrical  energy  aro  available  on  impact,  such 
as  is  the  case  in  certain  lucky  fuzes,  the  usual  dangers  with  sensitive 
detonators  may  not  exist.  In  any  case,  the  requirements  for  a safety 
mechanism  should  always  be  examined  so  as  to  produce  the  bo3t  over-all 
l\xze  from  the  point  of  view  of  dependability  a3  well  as  safety.  This  is 
particularly  true  in  close-support  weanons,  such  as  a grenade  round 
where  a dud  is  much  more  serious  to  the  usir.r  personnel  than  would  be 
the  equivalent  condition  in  bombs  dropped  from  aircraft.  Also, the 
large  quantities  in  which  such  fuzes  *re  built  nako  economics  imperative. 
This  may  be  particularly  serious  in  the  ca3e  of  a najor  war  when  many 
of  our  facilities  will  probably  bo  destroyed. 

Production  Engineering 

Since  "crash”  programs  are  the  normal  mode  of  existonce  in  the 
development  work  on  new  fuzes,  relatively  little  opportunity  exists 
for  modifying,  simplifying,  or  reducing  the  cost  of  fuzes  for  shaped- 
charge  rounds.  Too  often,  the  first  fuze  that  works  ends  up  by  being 
the  production  model.  This  is  quite  different  from  Iho  conditions  that 
obtain  in  industry,  where  basic  designs  are  little  modified  ovor  a 
period  of  years,  and  a great  deal  of  effort  goes  into  simplifying  and 
reducing  the  cost  of  the  production  items.  Efforts  to  simplify  and 
improve  existing  fuzes  are,  of  course,  always  being  made,  but  it  is 
the  writers’  opinion  that  the  intensity  of  such  efforts  should  be 
increased  and  that  definite  dollar  or  cents  goals  be  set  up  in  the 
redesign  of  existing  fuzes.  Perhaps  contracts  or  special  prises  couDd 
be  awarded  to  industry  for  submitting  the  best  redesigns  of  fuzes  for 
production.  If  it  is  possinle  for  suppliers  of  the  automobile  industry 
to  engineer  and  produce  a complete  door-lock  mechanism,  a mechanism  that 
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would  meet  all  military  iipecii’ic  it  ions  for  corrosion  resistance, 
vibration  and  3hoek  toots,  for  something  like  90  cents,  it  should 
certainly  be  possible  for  a shaped-charge  fuze  to  bo  produced  for 
leas  than  one  dollar.  Mctloro  methods  of  assembly  should  b*si 
emphasized,  together  with  the  avoidance,  wherever  possible,  of  slow 
operatlorm  such  an  lathe  and  'iiilling-m',chino  work. 

It  is  difficult  t,o  understand  why  a px*o»o»t  T200  fuze  costs 
uimo'St  as  much  aa  what  the  industry  pays  for  an  electric  steam  iron 
wldeh  Is  constructed  of  aluminum,  stainless  steel  anti  bakolitej  which 
is  provided  w ith  an  electrical  heating  element  and  an  adjustable  thermo- 
statj  and  must  withstand  temporature  and  corrosion  conditions  far  in 
excess  of  those  required  of  the  fuze.  The  arguments  that  the  military 
specifications  aro  far  more  stringent  than  those  omploj-nd  by  civilian 
industry  are,  in  the  writers1  opinion,  not  borne  out  by  tha  facts. 

Tills  is  not  the  place  where  the  pesoibie  roaaoud  for  the  hirf,!  cost  of 
ordnance  should  be  diseuswod,  but  certainly  a continual  aid  thorou^i 
investii/ation  of  U»  cost  factors  is  Indicated. 


THE  Eli&KQA  HTFLE  QHENAJE 


The  finorga  rifle  grenade  la  an  anii-tsnk  weapon  provided  for  uae 
by  Infantry  and  other  rifle -armed  troops.  It  is  primarily  a "close-in" 
weapon,  using  a .73  lb,,  3 inch  diameter  conventional  shaped  charge. 

The  overall  grenade  la  16  Inches  long,  weighs  1 IV- * 7 ot,  and  has  a 
maximum  range  of  320  yards,  (fig,  lb). 


The  fuze*  used  with  this  grain'd©  cue  the  percussion  typo  and  are 

known  as  M spillback*  fuze?.  Figure  1/  shown  a Model  I-P  M.-irk  1 of  the 

fuze  daei^nau  for  direot  aotion  on  impact  and  Hffure  Ifi  ihcwa  a Model 
L9  Mark  2 denipjied  for  direct  and  graze  action  on  impact.  On  setback, 
referring  to  Figure  10  whi.h  appears  to  bo  the  latest  model,  the  arming 
sleeve  overcomes  tha  arming  spring,  freeing  -the  Stool  balls  whtoh  hold 
the  etrikor  away  from  the  detonator.  The  striker  is  thou  held  off  tha 
detonator  by  the  striker  spring  only.  Upon  Impact,  the  striker  is 
driven  into  the  detonator  which  fires  and  "spits"  back  a flash  to  tha 
main  detonator  at  the  base  of  the  grenade  body  through  a central  tube. 

'Hie  main  dotonator  Initiates  the  booster  pellet,  which  in  turn  detonates 
the  main  HE  filling.  The  striker  head  is  of  tungsten  carbide  and  has 

a ,1*gp,ed  edge  which  is  claimed  to  dig  into  armor  and  function  the  fuze 

at'  angles  up  to  6vJ°.  On  graze,  if  tho  striker  is  not  contacted,  deceler- 
ation of  grenade  body  and  fuze  housing;  causes  the  detonator  and  striker 
guide  assembly  to  set  forward  and  function  the  dotonator.  Ihe  model 
shown  in  Figure  17  operates  siimiiarly  to  that  in  Figure  1C„  but  the  sot- 
forward  force  due  to  impact  i;auasti  tun  .mtuiViuOr  assembly  to  move  and 
strike  toe  firing  pin, 

m additional  safety  device  is  incorporated  into  tiie  base  of  toe 
grenade  body.  The  shroud,  shown  in  Hguro  19,  is  assembled  into  the 
grenade  body  between  the  fuze  and  tho  main  detonator.  It  fits  over  a 
central  tube,  and  is  located  by  raised  studs  which  engage  in  zig-zag 
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channel*  2.1’.  in  the  central  tube „ In  the  safe  position  the  shroud  is 
held  by  a spring  which  forces  the  studs  to  the  dead  er*i  of  the  shorter 
channel . On  setback,  the  shroud  moves  rearward  against  the  spring  and 
oscillates  about  ifce  axifi  because  of  the  stud  engagement,  with  the 
shorter  zig-zag  channel.  This  oscillation  similar  to  the  Motion  a 
wheel  and  pallet  aacapomunt  adds  a time  delay  to  this  action  of  the  force 
and  therefore  prevents  operation  on  instantaneous  shocks.  Similarly 
when  the  shroud  reaches  bottom  and  setback  ceases,  it  is  moved  back  by 
the  spring  with  a time  delay  controlled  by  the  longer  zig-r.ag  path. 

When  It  reaches  th*  and  of  the  track,  there  is  no  further  constraint 
and  the  spring  ejecta  It  into  the  front  p*»t  of  the  body  clearing  the 
hole  for  pseeege  of  the  none  detonator  "eplt“. 
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CHAPTER  VTI 

THE  EFFECT  OF  ROTATION  UPON  SHAPED  CHARGE  JETS 
Louis  Zemow- 

Ballistic  Research  Laboratories 
Aberdeen  Proving  Ground,  “Maryland 

Historical  Introduction 

Although  it  was  known  before  19U0  (l)  that  spin  stabilized  shap-d 
charge  projectiles  gave  much  poorer  penetration  when  fired  dynamically 
than  when  fired  statically,  this  was  attributed  for  a long  time  to 
Improper  fuze  functioning.  It  was  not  until  19U3  that  it  became  apparent- 
almost  simultaneously  to  the  British  (2)  and  the  Germans  (3)  that  this 
deterioration  was  in  fact  attributable  to  rotation.  This  was  verified 
by  both  group8  (U)  (5)  by  means  of  static  spinning  experiments. 

In  the  United  States,  the  Explosive  Research  Laboratory,  and 
OSKD,  (6),  (7),  (t)  took  up  the  study  of  rotation  after  the  British 
experiments  were  reported.  They  confirmed  the  British  results  and  ex- 
tended the  work  to  include  experiments  to  evaluate  methods  of  overcoming 
and  reducing  the  effects  of  rotation.  Studies  of  trumpets  ana  hemi- 
spheres were  carried  out  by  E.R.L.  as  well  as  the  initial  flu  tod  liner 
experiments . 

Following  the  end  of  the  war,  study  of  the  rotation  problem  was 
continued  by  the  group  at  the  Carnegie  Institute  of  Technology,  In 
addition  to  C.I.T.,  the  Firestone  Tire  and  Rubber  Company  and  the 
Ballistic  Research  Laboratories  are  the  other  two  groups  of  investigators 
now  putting  sizeable  efforts  into  the  study  of  the  effects  c.f  rotation. 

The  physical  effects  of  rotation  were  found  by  the  early  investi- 
gators to  consist  generally  of  a " spreading”  of  the  jet  observed  optically 
by  the  Germans  (9)  using  multiple  Kerr  Cell  photography  and  by  the  British 
(10)  who  fired  rotated  charges  vertically  at  night,  Clark  arid  Fleming  (1.1) 
'.■ore  the  first  to  study  the  effects  of  rotation  by  means  of  flash  radio- 
graphic  observations,  Their  radiographs  of  jets  from  rotatod  cones  and 
hemispheres  confirmed  that  the  physical  effects  of  rotation  were  dispersion 
and  fragmentation  of  the  jet. 

In  1951  the  development  at  the  Ballistic  Research  Laboratories,  of 
the  wire  driven  rotator  (12)  and  the  application  of  improved  flash  radio- 
graphic  tcehni-ues  to  lO^mm  charges  (13)  made  possible  the  study  of  the 
effects  of  rotation  on  a scale  large  enough  to  show  details  of  the 
physical  effects  of  rotation  upon  the  jet.  It  became  clear  at  that  time 
that  the  deterioration  of  a copper  jet  could  be  followed  through  several 
distinct  stages  as  rotational  frequency  was  increased.  The  evidence  at 
that  time  wa3,  however,  based  or  single  x-ray  exposures.  Since  then  the 
development  of  a triple-flash  X-ray  system  (lu ) for  studying  jets  from 
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FIC).  2.  Radiograph  of  jet  from  103mm  copper  liner,  rotated  at  13rps 
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largo  rotated  charges  has  made  possible  ar.  extension  of  the  previous 
work  which  has  further  clarified  the  details  of  the  deterioration 
process.  The  st'/quance  of  events  as  the  rotational  frequency  increases 
ia  shown  in  Figures  1,  2,  3,  U which  show  the  effects  of  increasing 
rotation  upon  the  jet  from  a lO^jncn  copper  liner.  The  deterioration 
process  can  he  broken  down  into  the  following  distinct  steps i 

1.  The  jet  which  is  normally  continuous  whun  unroiated,  begins 
to  break;  up  into  separate  pieces  along  He  length. 

?«  As  the  rotational  frequency  inesreuaea,  the  cross  section  of 
tha  Jet  starts  to  deviate  more  and  more  from  a uniform  circular  shape 
and  shows  evidence  of  deformation  into  a ribbon-like  structure. 

3*  There  is  finally  a definite  bifurcation  or  separation  of  the 
Jat  into  two  essentially  parallal  Jets  with  each  jet  broken  Into 
separate  pieces.  When  the  bifurcation  first  appears,  generally  the  two 
portions  of  the  bifurcated  jet  senra  to  lie  in  a piano  of  bii\iroatlon« 

tu  Increasing  rotational  frequency  causae  the  plane  of  Mfurostion 
to  be  distorted  Into  a helical  surface* 

The  hi  furcation  in  the  Jet  appears  to  be  aaeoolated  uith  a 
critics".  frcTjienoy  which  depends  on  the  caliber.,  Thus,  bifurcations 
have  met  been  seen  in  Jets  from  I05sn  charges  rotated  at  1$  rps,  whereas 
all  Jet*  from  105am  charges  rotated  at  h$  rps  show  bifurcation  is  do 
meet  Jets  from  lOJIram  charges  rotated  at  30  rps. 

The  Incidence  nf  bifurcation  Is  clearly  associated  wiUi  ths  .steepening 
portion  of  the  penetration  fail-off  curves.  (Figure  5)  Finally  the  plateau 
region  associated  with  th*  highest  spin  frequencies  indicates  tint  the 
later  modifications  of  tht  bifurcation  process  contribute  vary  little  to 
further  reduction  in  penetration.  It  «»*igliielly  oonjeotured  (15)  that 
the  original  bifurcation  waa  perhaps  followed  by  bifurcation  of  eaoh  of 
the  new  portions  of  the  Jet,  TMa  has  not  been  ruled  out,  but  the  obser- 
vations on  tin  target  plate  (15)  upon  which  thin  wan  based  can  also  be 
'explained  by  the  dirt  tort  ion  of  the  plane  of  bifurcation  into  a hel  ical 
surface . 


Theory 


It  was  pointed  out  by  Tuck  in  l?h3  (2)  that  rotation  could  result 
in  a malformed  jat.  Rotation  of  the  liner  would  cause  ary  aliment  of 
the  collapsing  lino:.*  to  miss  the  axis  (Figure  6)  of  the  cone  by  an  wiount 
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^Thic  expression  would  be  more 
cf,  figure  6. 
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FIGURE  7 

VARIATION  IN  CROSS  SECTION  OF  A DISC  SHAPED 
SYSTEM  OF  HQNr  INTERACTffW  PARTICLES  STARTED 
UNDER  INiTIAL  ROTATION  AT  u RADIANS  Per  SECOfS 
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vher>3  r*  “ the  miss  distance  - r. 

r0  « the  radial  distance  of  the  liner 
element  from  the  axis  of  the  corn? « 

VQ  ■ the  collapse  velocity  of  the  liner 
element, 

w “ the  semi -angle  of  the  cone* 

« ■ the  iwtijular  velocity  of  the  liner  in 
radlans/aeoond. 

This  vould  result  in  a hollow  jet.  This  malformation  could  oauae 
a drastic  decrease  in  psnetrstion  if  r1  beciune  large  enough.  Thus  on 
this  basis,  Birkhoff  (16)  estimated  that  a 3M  dia.  liner  would  show 
appreciable  deterioration  due  to  this  malformation  at  IDO  rps. 

Birkhoff,  using  « different  approach  which  neglects  initial  mal- 
formation of  the  jet,  has  estimated  the  doorease  in  the  penetration  from 
a given  olenwnt  of  a properly  formed  jet  due  to  the  increase  in  cross 
sectional  area  resulting  from  the  expansion  of  the  jet  due  to  rotation. 

A.  very  useful  discussion  of  Birkhoff**  work  has  been  given  by  Shofleld  (l). 
On  the  assumption  of  a fluid  jet  rotating  initially  with  «n  angular  velocity 
a radians/second  ho  fitsla  that  the  cross  aactional  area  (of  tho  jet  element) 
will,  grow  with  time  according  to  the  relation 

009  *59 

A.  - A ♦ s«r  a4  r - k 1 ♦ ’A'V). 

to  o 

where  A?  ■ initial  cross  sectional  area  of  the  jet. 

- cross  ei«cl,l,uiiil  -1  am  at  time  1. 
a ■ initial  radius  of  jet,. 

« - initial  angular  velocity  in  radiana/second. 
t " time  in  seconds  from  start  of  jet  spread. 


in, is  relationship  is  also  valid  for  a disc  shaped  system  of  non- 
interacting particle?  and  can  readily  be  derived  from  the  construction  in 
Fijmrm  7.  T he  in  cross  sectional  area  is  equivalent  to  a decrease 

in  the  average  density  of  tho  particular  jet  element.  This  results  accora- 
lng  to  penetration  theory,  in  a decreased  penetration  by  that,  jot  element, 
sines  tiro  penetration  p is  proportional  to  yifrT.  Ihersforc,  ii'  the  length 

of  the  element  of  jet  is  assumed  to  be  unaffected  W the  rotation  then 


| f p.j  is  proportional  to 


the  penetration  a-;  time  t will  ho 
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The  elapsed  time  t,  measured  from  the  formation  of  a jet  element 
end  the  etart  of  Jet  spreading  to  final  impact  of  that  jet  element  on 
the  target,  Is  given  by  S/?  where 

S » the  standoff  for  the  particular  Jet  element. 

V ■ the  Telocity  of  the  particular  Jet  element 
assumed  to  remain  conatant* 

Bhofliid,  following  Birkhol'f,  define*  a conatant,  « characteristic 

of  a particular  charge  end  standoff  for  which  S and  V for  a particular 
jet  oianwnt  are  thus  defined. 

Therefor*,  letting 

t ■ 

"o 

the  final  dlmenaionless  expreesion  obtained  by  Hirkhoff  becomes 


Po 


Experimental  d»ta  relating  total  penetration  and  rotation  can  be 
very  readily  fitted  (17)  Vy  means  of  a Blrkhoff  equation.  It  wae  first 
specifically  pointed  out  by  Litchfield,  Beitel  and  Elohelberger  (18) 
that  since  the  Blrkhoff  equation  was  derived  for  a given  jst  element, 
it  im  initially  ruthor  surpriaing  that  total  penetration  data  should 
be  rspresontablo  by  such  a functional  form,  since  is  clearly  not  a 

conatant  for  all  jet  elegants  of  a given  conical  liner  undergoing  collapse. 
They  give  the  expression  for  the  "constant”  o>n#  for  ■»  given  jet  element 

in  terms  of  charge  parameters  as  follows! 

TV.  sir?  F/2 

ii.)  W mM 

O toft 


ejdecauiSo^oTnjKe  TFundmental  importance  of  this 
rtAHvaMrat  >w  rvitel  the 
given  in  Appendix  I. 


relationship, 
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where  x n the  thickness  of  the  element  of  liner. 

▼ .«  the  velocity  of  the  element  of  jet  coming  throxigh 
J that  element  of  liner. 

v. 

P ■ the  collapse  angle. 

R ■ radial  distance  of  original  liner  element  from  cone 
axis. 

S * distance  traveled  by  the  jet  fre  ' point  of  formation 
to  point  of  impact  on  the  target. 

Since  is  a function  of  the  position  of  the  jet  element  along  the 
Jet  it  is  clear  that  the  total  penetration  will  have  to  be  obtained  by 
Integrating  the  differential  contributions  due  to  elements  with  different 
characteristic  <oo's.  Hence,  in  general  (e.g.  on  the  basi3  of  steady-state 

theory)  the  integrated  result  will  not  have  the  simple  form  of  the  Birkhoff 

equation. 

Wie  C.I.T.  workers  have  presented  plausibility  arguments  (18)  for 
the  approximate  constancy  of  on  the  basis  of  non- steady- state  consider- 
ations in  the  following  manner:  For  conical  liners,  v.  decreases  as  R 
increases  from  the  apex  to  the  base  of  the  cone.  Therefore  should 

decrease . slowly  at  first  and  then  very  rapidly.  Simultaneously  sin2  p/2 
should  Increase  slowly  at  first  and  then  very  rapidly  as  one  moves  from 
the  apex  to  tho  base.  Thus,  the  compensatory  variation  of  these  two 
factors  in  the  a>Q  expression  will  tend  to  reduce  the  range  of  variation 

of  over  the  liner  in  the  case  of  non-steady  collapse. 

The  fact  that  the  simple  Birkhoff  equation  actually  does  fit  the 
observed  data,  is  considered  as  evidence  in  support  of  the  idea  that 
does  remain  nearly  constant. 

SCALING  UNDER  ROTATION 

Birkhoff  has  preposed  (16)  that  for  scaling  comparisons  of  the 
effects  of  rotation  to  be  applied  to  geometrically  similar  shaped  charges, 
the  correct  measure  of  relative  spin  is  u d,  where 

« » angular  velocity  of  the  projectile 
d = cone  diameter 

and  that  a proper  correlation  of  scaled  experimental  data  would  require 
the  comparison  of  dimensionless  variables  like  p/d  and  r/d,  where 

^ ” penetration  in  cone  diameters 

? » thickness  of  liner  in  cone  diameters 
18? 
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and  the  prof»«rly  scaled  relative  spin,  £»  -a-  For  an  actual  projectile 
oj  d can  ba  conveniently  obtained  from  the  relation 


<»  D » v/n 

in  which 

D » Kd,  is  the  caliber  of  the  projectile,  K, 
the  ratio  of  caliber  to  cone  diameter 
being  known  /.’or  any  given  projectile 

•f  • the  mujivlc  velocity  of  the  projectile 

1/n  - twlat  of  rifling  in  'Uirno/callber 
o.  g.  1/25 

Ihua,  if  in  expreseed  in  rev/aeo.,  D in  inches,  and  v In  feet  per  second, 
then  w D (rpa  x in)  ■ 12  x v x 1, 

n 

Blrkhoff  (16)  fummaritea  the  argument*  for  aoalinu  under  the  transfer- 
nation* 


t « \ * vhftits  \ « Scale  Fac  tor 

T « U X,  x ■ poaltion  coordinate* 

V m y I,  t * time  coordinates 

V,  v « velocities 

The  # 9 »tump  t Inn  a that,  oupport.  such  an  argument  ares 
a.  The  liner  behaves  like  n fluid. 

b«  Thermal  conduction  end  radiation  are  of  minor  importance, 
o,  Stt-isoe*  do  not  depend  on  strain  rates  but  only  on  strainii, 

Experimental  evidence  obtained  by  OiWn  with  Lt5°  *teel  lir.orc  (7) 
generally  favors  this  viewpoint.  Figure  0 Illustrate*  the  05UD  re  wits. 

The  disagreement  evident  in  Figure  8 between  the  scaled  penetrations 
at  0 rpa  as  well  as  over  the  entire  range  of  « d,  probably  reflects, 

among  other  factorn,  the  lank  or  geometrical  scalinn:  wnong  the  projectiles 

compared,  'll  is  evidont  that  if  p/p  were  plotted  as  the  ordinate,  instead 
of  p,  the  agreement  between  the  results  for  different  sizes  would  be  better 
than  that  shown  in  Figure  0.  Hence.  the  similari  ty  of  the  two  curves 
rajg wata  that  <•>  d is  '.ndeod  an  appropriate  scaling  parameter. 

m 

Deviations  which  occur  are  at  leant  In  part  attributable  to  the  fact 
that  comparisons  in  some  cases  wore  made  with  charges  which  wore  not  properly 
scaled  geometrically.  There  is  a possibility,  however,  that  scale  effects. 
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auch  au  creator  Instability  of  the  jet  f.r<m  ft  thinner  liner  an  well  as 
strain  rate  effects  may  &l»o  contribute  to  the  deviations  observed 
in  some  experiments.  More  carefully  designed  experiments  are  nesdod 
tc  establish  the  scaling  facta  fhom  the  experimental  viewpoint  and 
improvements  in  the  ‘*ar+  of  scaling"  may  ultimately  bring  the  experiments 
into  complete  agreement  with  the  theoretical  predictions.  For  the  present 
the  scaling  correlations  suggested  by  Birkhoff  offer  the  safest  guide. 

An  empirical  scaling  correlation  has  been  proposed  by  Wljrtn. 

(19)  which  d xjiS  not  use  the  Birkheff  scaling  relation,  but  instead 
assfume • the;  penetration  law 


where 


L « K a 

o 

L ■ relative  loss  in  panstratlon  » 1 


Pea 

Po 


m * rotational  frequency 
K ■ proportionality  constant 
P ■ penetration  when  u»  ■ o 

I • penetration  wuon  .»  » <u 

This  l«*do  to  the  expression 


1 - P»  m K w p 

Po 

°r  (P„  ” ’K<i1P. 


P " P (l 
rUi  *0 


K io  p ) 


Thue  since  pQ  - pw  is  tho  actual  loss  in  penetration  thi.*?  means  that 

the  assumption  is  being  made  that  the  actual  Iocs  in  penetration  at  my 

spin  rate  Is  proportionul  to  the  square  of  the  unrotated  penetration  p . 

o 

On  this  besla  there  la  drawn  « set  of  curves  of  the  form 


P“  - po  (1  - K«  pQ) 

which  relate  the  rotated  penetration  pu  to  the  unrotated  penetration  p0* 


t^iere"TaT  scattered  ovi3'«nce  uhat  indicates  a decroar.fng  optimum  standoff 
(in  rone  dia.-wt.er*)  for  smaller  cones  as  woi i a*  insonplate  evidence  front 
flash  radiographs  that  suggedto  the  poscitilit  of  relatively  earlier  break 
up  for  smaller  cones.  These  notions  should  not  presently  be  considered  as 
firmly  established.  They  do,  however,  warrant  additional  careful  investi- 
gation,, 

*K3ince  tile  tip  and  tail  velocities  of  a jet  should  ba  independent  of  the 
caliber  the  strain  ratef^v/L)  at  a given  jot  length.,  should  vary  inversely 
with  the  “aliber,  because  the  jet  length  should  vary  directly  with  the 
caliber,, 
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In  comparing  penetrations  from  rotated  f>7r.m  coneji  with  penetrations  from 
lO^ncn  coney,  it  ir  found  that  the  proposed  correlation  i.«  invalid  beyond 
h$  rps  so  that  pradictionjii  must  b«  1 Lulled  to  this  range  of  spin  fre- 
quencies. 


Unfortunately,  Winn’s  I-.'/mm  data  and  data  were  not  obtained 

at  the  same  scaled  standoff,  the  'JJmni  data  having  beon  obtained  at  3*!? 
cone  diameters  standoff  Axvd  the  105'mm  data  at,  about  2,2  cone  diameters. 
Therefore  the  w d scaling  relationship  should  not  necessarily  be  obeyed, 
and  indeed  it  is  not,  ae  can  be  seen  from  Figure  9. 


A more  rational  scaling  procedure  would  involve  starting  with  the 
Birkhoff  equation  p 

> «■■  in  t,  m — » m,  i ii 

Po 


lA7!7 

* a 


and  a in oo 


«0  - t v 


1 


tth  f p/2 


ra- 


te ahould  vary  Inversely  with  the  cone  diameter  since  the  thickness  vt 
the  radius  R ami  the  elemental  oWnioff  fr  should  all  transform  according 
to 

X - Xx 


whereas  » is  unchanged,  Hero*  the  funetlenal  form  for  an  « function 

of  the  soule  factor  X should  be 

«0  (X)  • — 

Thus  for  a $?ma  cone,  the  value  of  uc  should  b«  2 times  tho  value  for  a 

cone  with  twloo  the  S'Tmm  rtnimetor  if  their  penetrations  are  compared  at 
the  iwa  ecaled  staudorf  under  rotation. 

All  the  penetration  rotation  data,  if  it  aoaltss  should  then  be 
correlated  with  a single  expression  of  tho  form 


where  d =■  con*  diameter 

ft)  * * tha  value  of  co  for  a cone  of  unit  diameter  under  the  pre- 
oo 

scribed  standoff  conditions. 


This  expression  contains  the  scaling  relationship  in  the  form 
required  by  theory. 
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CURVES  ILLUSTRATING  NON  - SCALING  NOTATION  DATA  WHICH  MAY 
BE  AITS ifAll ABLE  TO  FAILURE  TO  SCALE  STANDOFF 


PM  10 

rmesroNC  nan  a .vjckr  oo  bcauno  data 
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It  is  apparent  that,  ono  should  not  axpect  scaling  wndor  rotation 
to  follow  if  who  unrotatod  penotr itions  do  not  scale.  Ilenc.o  in  order 
for  the  scaling  relationship  to  be  appl  1 rr»h '! « at  nil  standoffs  it.  is 
necessary  for  tho  unrotated  dimensionless  standoff  penetration  curves, 
p/d  vs  C/d  to  be;  identical  for  all.  calibers  to  bo  compared.  It  may- 
be considered  that  failure  to  meet  this  criterion  is  an  indication 
either  that  the  geonWtrical  scaling  hap  been  improperly  carried  out, 
or  that  factors  suen  as  those  previously  mentioned  (thickness  and 
strain  rate  effects)  art  preventing  the  proper  scaling* 

Another  point  of  interest  is  the  apparent  failure  of  the  simple 
m d scaling  to  adequately  correlate  the  data  from  liners  of  widely 
different  sites  at  the  highest  rotational  frequencies.  The  apparent 
failure  of  the  57mm  and  105mm  correlations  of  Fo/Pq  vs  cad  at  the  high 
frequency  ond  is  apparent  in  Figure  9.  How  much  or  this  is  due  to 
standoff  differences  is  not,  presently  known, 

Scaling  data  on  copper  liners  two  ' can  obtained  most  recently  by 
Firestone*  ever  the  fairly  narrow  range  of  cone  diameters  (20 ) from 
2,5"  to  J,5H  and  the  data  when  plotted  as  pfa/p0  vs  vd  (where  v * 

rotation*!  frequency  which  is  ) seem  • o fit  t|»o  nr*  scaling  law 

quite  well  except  poaaibly  for  tho  very  high  values  of  v,  in  which 
region  the  original  penetration  data  for  the  3*5"  charge  behaves 
strangely.  Their  results  are  shown  in  Figure  10  . When  ocwpartd  with 
the  reunite  for  the  57mm  ai»e  Vch  to  b-.  found  in  ®L  037  on  p,  3U0/, 
it  is  again  apparent  that  the  results  suggest  a possible  failure  of  the 
w d eceiing  law  at.  the  very  high  spin  frequencies* 

If  the  apparent  deviation  from  the  w d scaling  law  at  high  valuea 
of  u d turns  out  to  bo  real,  it  is  believed  that  an  explanation  for  this 
will  be  found  1r.  tho  observations  which  havr  been  mado  on  the  details  of 
the  deterioration  process,  Experiments  aimed  at  aacertAining  the  seal- 
ing relations  In  tho  -.'..gions  in  question  arc.  bain#  carried  out  but  have 
not  yet  been  completed,  In  addition,  oxporlmonta  involving  studies  of 
effects  o t liner  thickness  upon  .let  stability  will  be  of  interest  in 
interpreting  thoao  results  of  rotation  experiments,  since  if  jet  break-up 
"as  influenced  ly  the  Ilnur  thickness  independently  of  size,  earlier  jet 
break-up  of  small  liners  could  be  contributing  to  the  anomalous  results. 

In  summary,  for  tho  designor,  the  use  of  w d as  a scaling  variable 
for  predicting  the  results  of  rotation  upon  penetration  appears  to  bo 
the  best  available  basis  over  the  range  0 - 100  rp5  and  57mm  to  10,5mm 
callborr , For  higher  spin  frequencies  it  is  still  the  best  guide,  but 
experimental  verifications  are  re  commanded  as  a check  on  predictions. 

It  la  expected  that  experiments  currently  under  way  will  eliminate  the 
uncertain! ties  that  exist  lor  tho  highest  values  of  » d. 


*T^’autKor  la"  grateful  to  Dr.  Hugh  Winn  of  tho  Firestone  Tire  and  Hubbor 
Co,  for  making  hia  data  available  prior  to  publication. 
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An  anal  /«!«  'if  the  effect  of  cone  angle  can  uc  alto ‘mind  in  turm 
.of  the  parameter  »>  , by  trying  to  determine  the  effort  of  rone  -wio 

upon  m Thus  by  differentiating  m with  re  sport  to  0 

tv.  sir/  IV* 

— J. 


VO 


■rT 


and  hance  if  t remains  constant 

:ns  |„, 

— , - 


dw  fhfi  |y.  sin  P/2  cos  p/2  'jjj  ♦ Bin*1  p/2  jjjp 

ar  ■ — :ra 


- r v o 

~ i J 


ifivi  [R 1 : ffil 


R S‘ 
civ, 


It  would  ba  neoouaary  to  wv.t.tuato  if 

for  Corresponding  elomonta  on  the  jel.<  being  compared,  It  is  vory 

difficult  to  ho  this  ijusr.UUUvel.)  but  vw*  following  qualitative  analysis 
can  be  made. 


1,  As  3 doorsuser  Vj  increases. 

2,  An  6 decreases  p decreases , 

It  will  therefore  be  anaumid  that  to  » drat  order  approximation  tho 

muneratorrv.  sin'  p/'2  ramaino  constant  because  of  the  compunantory 
J 

variation  of  the  la  at  two  factors.  'xu’thermor* 

3,  A a 0 doeroaaoo  !H  romaina  approximately  constant. 

It.  ka  u docronsoo  5 increases. 

Therefore  the  denominator  of  »>'  Iner-Gnsnc  with  decreasing  0. 

The  ovsra.il  effect  la  then  a daoroase  An  w,.  ns  5 .rlpcroasoa.  This 
would  lend  on©  to  export  an  increasod  aunaltivifcy  of  amail  ancle  cones 
to  rotational  deterioration,  This  ia  contrary  to  the  prediction  of 
Tbck  (2)  on  the  baa  is  that  the  mi  as  distance  , a*  r ■ , is  smaller 

If  6 is  smaller,  v eoa  9 

o 

However , a more  careful  ntmlyrlo  of  TucMb  formula  shows  that 

allh<jugh  *■'  do03  indeed  become  smaller  for  deex-eusing  0,  i.he  smaller 
cone  angle  results  in  a greater  effective  standoff  for  the  jet  element 
from  the  point  of  formation  on  the  axis  to  final  target  impact.  This 
allows  corree“.'ondaT8ty- greater  deviation  radially  at  any  Ivon  pol-t  along 
the  axis.  Therefore  because  the  collision  point  for  .tot  oiomonts  from 
small  angle  eonea  is  nearer  the  apox  of  tl.o  none,  it  suffers  a smaller 
'hick  type  malformation*  but  the  same  jet  elemont  after  formation  must 
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travel  a greater  distance  to  target  impact  for  the  same  reason,  and 
hence  suffers  greater  radial  spread  after  formation.  Hence  the  con- 
clusion drawn  fran  Ihctfs  equation  seems  more  uncertain  than  that  drawn 
from  considerations  of  co^.  At  any  rate,  considerations  of  the  effect 

of  3 on  a lead  to  the  exoectation  that  small  angle  cones  will  be  more 
o 

sensitive  to  rotation. 

Experimental  Results  ' 

The  experimental  data  obtained  during  the  war  by  QSRD  (6),  on  the 
effects  of  cone  angLe  are  not  easy  to  interpret  because  of  large  ex- 
perimental dispersions.  However,  the  general  conclusions  drawn  by  their 
investigators  are  essentially  as  follows: 

1.  At  short  standoff  the  larger  angle  liners  show  little  deterior- 
ation due  to  rotation.  However,  since  their  unrotated  penetration  is 
relatively  poor  this  is  of  little  practical  value. 

2,  Because  of  the  increased  effective  standoff  (due  to  the 
increased  cone  height)  of  a small  angle  cone,  it  is  more  seriously 
affected  at  a given  external  standoff  and  its  penetration  is  therefore 
not  ^jpreciably  better  than  that  of  a large  angle  cone  (6). 

These  conclusions  are  unfortunately  not  as  specific  a3  would  be 
desired  by  a designer.  Additional  experimental  data  which  has  been 
obtained  at  the  Ballistic  Research  Laboratories  using  105mm  charges  of 
a given  fixed  height  at  a standoff  of  7 l/2M  which  is  near  the  common 
built-in  standoffs  for  ammunition  (*"2.3  cone  diameter;-)  are  shown 
plotted  in  Figures  11  and  12.  In  these  curves  comparisons  are  made  of 
the  unrotated  penetration  and  the  penetration  at  h$  rps,  as  a function 
of  cone  an&Le.  The  results  within  the  range  of  variables  so  far  explore'1 
clearly  indicate  an  increased  sensitivity  of  small  angle  cones  to 
deterioration  by  rotation.  From  the  practical  viewpoint  of  the  designer, 
the  best  cone  angle  from  these  experiments  at  US  rps  appears  to  be  about 
U5°,  even  though  the  smaller  cone  angles  gave  better  unrotated  performance 
and  the  larger  cone  angles  showed  reduced  sensitivity  to  rotation.  These 
results  are  consistent  with  the  crude  analysis  in  this  section.  However, 
caution  must  be  used  in  extrapolating  to  other  conditions.  The  experiments 
which  are  being  continued  will  cover  a much  larger  range  of  the  variables 
to,  and  the  3tandoff  for  various  cone  angles. 

In  summary,  the  desigier  can  expect  to  find  small. angle  cones  more 
sensitive  to  rotational  deterioration  than  large  angle  cones  under 
standoff  conditions  normally  existing  for  ammunition.  There  is  not 
sufficient  good  information  on  the  cone  angle  effect  at  large  standoffs. 
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THE  EFFECT  OF  LINER  THICKNESS  ON  PENETRATION  UNDER  ROTATION 

Theory 

For  a given  liner  diameter  and  standoff,  the  liner  thickness  enters 

fyj  g iiv  B /2 

the  expression  for  coq  in  the  numerator,  i.e.,  ^ . On 

2 

t’  3 other  hand,  the  other  factor  in  the  numerator  v^  sin  p/2  would  be 

expected  to  decrease  with  increasing  thickness  since  p should  decrease 
with  increasing  T , and  v^  would  normally  decrease  due  to  the  decreased 

value  of  p (which  makes  the  collision  point  coordinate  system  move  more 
slowly  relative  to  the  ground) . Hence  the  effect  of  liner  thickness 
upon  co  would  depend  upon  the  extent  to  which  either  of  these  two 
o 2 

potentially  compensatory  factors  T , and  v . sin  p/2  dominated  the 
numerator*  J 


Thus  if  the  numerator 


T Tj  sin2  p/2 


increased  as  r increased,  co 

’ o 


would  increase  with  the  thickness  'T  . Increasing  co  would  result  in 
reduced  sensitivity  to  rotational  deterioration  sin8e  a higher  rota- 
tional frequency  co  would  be  required  to  give  the  same  fractional  re- 
duction in  penetration. 


Conversely  if  the  numerator  decreased  with  increasing  t the  sensi- 
tivity to  rotational  deterioration  would  bo  increased  a3  r increased. 

Since  it  is  apparent  that  the  two  factors  in  the  numerator  vary  in 
opposite  directions  in  such  a manner  that  they  tend  to  compensate,  one 
might  expect  that  the  effect  of  liner  thickness  upon  coq  might  be 

relatively  small,  and  perhaps  of  second  order.  This  analysis,  of  course, 
does  not  take  into  account  the  other  possible  independent  effect  of 
increased  thickness,  i.e.,  increased  jet  stability  with  respect  to  break- 
up. Such  an  effect  would,  of  courso,  tend  to  make  thicker  liners  less 
sensitive  to  rotational  deterioration. 

Experimental  Results 

There  have  been  very  few  rotation  experiments  reported  involving 
liner  thickness  as  a variable.  Those  which  have  been  carried  out  up 
to  the  present  time  seem  to  confirm  the  expectation  that  over  the  range 
of  thickness  studied  the  effect  of  thickness  is  not  of  major  importance, 
and  that  the  penetration  performance  of  a uniform  conical  liner  under  ro- 
tation is,  within  the  precision  of  the  experiments,  essentially  unaffected 
by  thickness. 

•wtfhe  author  is  grateful  to  Messrs.  Eichelbcrgur  and  Litchfield  of  the 
Carnegie  Institute  of  Technology  for  making  their  experimental  data  available 
prior  to  publication - 
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Fig.  13 

•tation  and  Standoff  -oon  the  Penetration  of  105mm  US0  Drawn  Coor.er  lone 
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Improved  experiments,  with  r.vtr;>  c-a-j  taken  to  reduce  dispersion, 
will  lie  rn.jiirwd  to  establish  the  existence  and  magnitude  of  the  thick- 
ness effect  in  rotation-  Separate  experiments  are  required  to  ascertain 
the  contribution,  if  an,y f of  the  .liner  thickness  to  changes  in  jot 
stability  to  break-up.  Such  experiments  are  under  way  at  the  Ballistic 
Research  Laboratories  and  at  Carnegie  Institute  of  Technology  but  at  the 
time  of  thin  review  there  are  no  definitive  rosulta.  The  beat  course 
for  the  design*},'  at  t-hla  time  is  to  treat  the  thickness  variable  os  if 
it  has  no  effect  upon  rotational  penetration,  and  that  the  best  perform- 
ance under  un rota tod  conditions  whould  determine  the  thickness. 

THE  EFFECT  OF  STANDOFF  UPON  PENETRATION  UNDKK  HOTATION 

There  has  recently  been  completed  at  the  Ballistic  Research  Labora- 
tories a very  oompi'ehensivo  experimental  study  of  the  effect  of  rotation 
and  standoff  upon  the  penetration  of  heavily  confined  10|>mm  drawn  copper 
linors.  The  most  useful  way  to  summarise  this  study  is  to  present  the 
experimental  results  in  graphical  form,  Tho«e  are  shown  in  Figure  13. 

Those  results  can  be  considered  typical  of  good  linors  ulncn  the 
unrotated  performance  cf  the  b&slo  1 Inure  compares  favorably  with  the 
best  results  ever  reported. 

This  conclusions  of  valun  to  the  dBolgrosr,  which  may  bo  drawn  from 
these  results  are  as  follows i 

1.  Tha  Penetration  at  a givan  standoff  rtrernase*  monotonia  ally  as 

the  rotational  frequency  L, creases, 

2*  Tha  standoff  corresponding  to  pealt  penetration  doorsasoo  as 
the  rotational  frequency  increases  until  at.  the  highest  frequencies 
used  ( Jf  1*0  rps),  the  optimum  standoff  is  only  a few  inohas. 

3.  At  lev  rotational  fre^ienclos  uaqful  penotrationa  are  obtainable 
oven  at  the  largest  standoffs  vii«"  ) used.  The  implications  of  this 
result  are  Important  for  the  problem  of  defense  by  spaced  irmor. 

THE  EFFECT  OF  LINER  MATERIAL  UPON  PENETRATION  UNDER  ROTATION 

'''here  have  boen  penetration  experiments  comparing  various  liner 
materials  under  rotation  carried  out  by  OSRD  (21)  by  Firootono  (?2),(--3) 
and  by  Canicula  Institute  of  Tecl'nolojcr  (2lt),  In  addition,  flash  radio- 
graphic jet  studies  have  boon  carried  out  by  the  Ballistic  Research 
Laboratories.  The  penetration  experiments  generally  lead  to  the  oon- 
elusion  that  no  material  studied  so  far  offers  any  striking  advantages 
over  any  other  material  insofar  as  rotational  effects  ara  concerned) 
the  predominant  role  of  Uw  unrotated  penetration  m«kea  copper  still 
the  proper  choice?  for  ponotrat.lon  purposed  according  to  the  penetration 
experiments , 
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The  flash  radiographic  studies  by  the  Ballistic  Research  Labora- 
tories have  indicated  a basis  for  expecting  differences  in  the  behavior 
of  various  materials  because  of  the  expected  dependence  of  the  critical 
frequency  for  bifurcation  upon  the  physical  properties  of  the  materials. 
Such  differences  have  actually  bcsn  observed.  These  studies  have, 
however,  not  yet  progressed  to  the  point  where  conclusions  of  value  to 
a designer  may  be  drawn.  It  may  even  turn  out  that  the  differences 
which  seem  to  exist  may  be  too  small  or  may  require  the  use  of  strategic 
material  for  their  exploitation. 

THE  EFFECT  OF  LINER  SHAPE  UPON  PENETRATION  UNDER  ROTATION 

It  has  been  suggested  by  various  investigators  (e.g, , Birkhoff 
HRL  623)  that  trumpet  shaped  liners  might  show  increased  resistance 
to  deterioration  by  rotation.  This  view  is  based  on  the  notion  that 
since  the  trumpet  liner  is  on  the  average  nearer  to  the  axis  of 
rotation  than  the  equivalent  cone  of  equal  altitude,  it  ought  to  be  less 
affected  by  rotation. 

Experiments  by  the  Carnegie  Institute  of  Technology  several  years 
ago  did  not  bear  cut  such  expectations.  However,  experiments  which  have 
been  carried  out  at  the  Ballistic  Research  Laboratories  using  trumpet 
liners  with  peripheral  initiation  have  indicated  that  one  can  indeed 
obtain  reductions  in  the  deterioration  of  the  performance  under  rotation 
by  means  of  a trumpet  shape. 

These  experiments  were  for  some  time  plagued  bv  an  inability  to 
reproduce  the  experimental  results.  This  difficulty  has  recently  been 
traced  by  Lieberman  to  an  inadvertently  overlooked  mechanical  inter- 
ference with  the  late  collapse  stages  which  has  been  eliminated.  In 
addition,  asymmetries  in  the  explosive  have  also  been  shown  by  Lieberman 
to  be  of  importance  in  hindering  reproducibility. 

A comparison  of  the  most  recent  performance  of  peripherally 
initiated  trumpets  with  the  corresponding  cones  of  h$°  apex  angle  is 
shown  in  figure  lh.  The  performance  of  electroformed  trumpets  (peripher- 
ally initiated  ) is  compared  with  the  best  drawn  conical  liners  avail- 
able at  the  Ballistic  Research  Laboratories  in  the  same  caliber.  . 

It  is  quite  evident  that  the  peripherally  initiated  trumpets  are  resist- 
ing deterioration  quite  effectively.  More  complete  coverage  of  the 
pertinent  variables  is  still  npeded,  but  the  effect  is  sufficiently  clear 
to  warrant  consideration  of  this  system  in  applications  involving  lower 
rotational  frequencies.  This  system  may  be  considered  competitive  with 
fluted  liners  in  this  range,  ?*nd  may  have  advantages  since  there  is  no 
peaking  of  the  penetration  perfoimance  at  a given  rotational  frequency 
but  rather  a reduced  deterioration,  the  performance  improving  monotoni- 
cally  as  the  rotational  frequency  decreases.  The  possibility  of  increased 
sensitivity  to  loading  asymmetries  is  a disadvantage  that  must  also  be 
considered.  It  should,  however,  be  possible  to  overcome  this  with  care- 
ful loading  techniques. 
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Th«'  flash  radiographs  o:f  the  juts  shown  :ln  Figures  l£  and  16  bear 
out  the  increased  resistance  of  thic  system  to  rotational  deterioration. 

In  order  to  minifies  the  affects  ef  rotation  it.  is  logical  to 
start  t*»  collapse  as  near  thu  axis  tie  possible,  *,g#>  by  the  use  of  a 
cylindrical  liner.  The  earlliet  recorded  experiments  with  cylindrical 
liners  are  those  of  the  British  (2#),,  The  group  at  the  Ballistic 
Research  laboratories,  unavaiv*  of  such  experiments  started  a n in  Liar 
investigation  In  1?$G  (26)  aimi  slnoe  tliat  tine,  investigator*  at 
rrankford  Areenal  have  also  attacked  this  problem  and  have  produoed  the 
wave  shaping  system  whioh  so  far  has  given  the  best  penetration  per- 
fomanoe . This  performance  level,  however,  and  the  reproduoibUity  have 
both  been  Inadequate, 


Ihe  a*. lor  probleaa  in  the  investigation  of  cylindrical  liners  arts 

1.  Devising  a ay  else  whose  inrotated  performance  will  oonpare 
favorably  with  that  of  n oonioal  liner  in  the  nans  projeotila,. 

2.  far  footing  a wave  shaping  a ye  tea  which  will  be  sufficiently 
reproducible  to  aeka  experimental  intwetigation  of  oilier  parameters 

possible. 


Hie  advantages  of  a maall  disaster  cylindrical  liner  orei 

1*  Tt*  cylinder  should  wdiibit  s high  ability  tovwdd  deterior- 
ation toy  rotation. 

2w  *here  is  potential  value  In  the  possibility  of  making  the 
penetration  depend  upon  projeotil*  length  rather  then  projeotile  caliber, 

3.  ®ba  eiapHoiiy  of  the  geometry  should  have  advantage*  from 
the  production  viewpoint. 

The  possible  disadvantages  of  each  a liner  aret 

1,  Terry  high  lareoieion  will  probably  be  required  for  fche  cylinder 
1 e,w»r  - 

2.  i wive  shaping  ipiue  is  required  according  to  present  da*dg»p 
to  get  en<Mgh  material  into  ilte  jet  to  mate  a disable  hole  diameter 
whioh  Is  essential  for  lethality  purr*>ses. 


3 “ Present  designs  have  up  to  this  time  given  penetration  per- 
formance no  better  than  half  of  that  attainable  with  a cone  in  ti»  atiao 
projectile, 

figure  1?  shown  the  appearance  of  the  Jet  from  a long  cylindrical 
liner  whose  interior  tUamate*,’  is  l*1  !ind  whose  exterior  diameter  ie  l.lh 
in  a heavily  confined  105mm  body. 
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Figure  1U  aluKiw  the  hole  in  mild  steel  by  such  b.  jet, 

Xn  fnuwnary,  the  desi/p^r  fihuuld  bv»  aware  of  two  davel  opnwita 
involri!1"  liner  shapes  aimed  at  reducing  sensitivity  to  rotational  deteri- 
oration,, Of  the  two,  the  system  involving  trumpets  with  and  without 
peripheral  initiation  in  much  nerxer  realisation  and  application  than, 
the  iyalien  Involving  9.  cylindrical  liner  with  a wavs  a:,i«p.lnft  device* 
noth  of  thee*  eyetecui  should  be  die  tins'll  shed  from  the  fluted  liners 
and  other  Methods  which  are  discussed  in  Chapter  7111.  The  letter 
are  non  properly  considered  methods  for  actively  overcoming  the  effects 
of  rotation,  while  the  systems  d.iaauae*d  in  this  chspt.tr  are  passive 
'iystua. 
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BOIXVATIMI  of  IHK  JCUftA&STOftf  F(R  to  JN  TERMS  0?  CHAHQP  PARAMKIKhS 

o 
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F.  F»  EVeitel 

Carnegie  Institute  of  Technology 

¥b  wla h to  find  an  asprosston  for  the  effect  of  rotation  upon 
penetration  of  a oonlcal  Ilnur.  Sinne  a non-steady  collapao  theory 
aaena  to  be  raquli'ed,  only  elemental  ring*  on  the  cone  will  be  considered. 
In  addition,  tt»  none  wall  will  ba  assumed  t.o  Vi  thin  vlmrever  thli 
aaawptJLon  senate  to  ba  desirable. 

La*  m • angular  velocity  of  unoollapsed  ootvi 

H ■ radius  of  uncollapeed  ring 

r ■ radlua  of  ths  ring  aftar  oollapaa 

V 

» angular  veloai.ty  of  eo?lap4ied  ring 

d *>  will  thtcVnae*  of  com 

p « oollapaa  angle  of  th*  oona 

8 - standoff  for  th*  ring  elenant 

¥ ■ jet  veloMty  of  j»t  elsment  arising  from  ring 
under  consideration 

a • aaaa  of  ring  alawent 

w j « nM-na  of  jet  ajuaeant  formed 

P - ebamont  of  ponetrution  due  to  the  ring  element 
apun  at  angular  velocity  « 

Pn  * penetration  for  ru  » 0 

A - arcss--eoctionil  area  of  jet 

Tf  v«  assume  that  the  angular  mosrcn-tsim  of  the  raoau  ns,  is  con 

served  we  oxm  write  at  once 

Iw  « I,  (i) 
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Taking  Ui*»  InltlsJ.  oonfignrati  .on  to  bo  a hollnu  oyllnd**'  ar.d  tfss  f a! 
otwi  (at  the  axial  to  be  a tfolld  o^llivinr  wn  havs 
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fitobatitution  of  thaia  quantities  yleMo  thi  relation 

-2  12 
n oo  ■ tf  v.  », 
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(a) 


Ikw  to  flint  t.*yp  radlu*  of  tha  J«t  at  tha  target  ve  can  anaum  tluht 
tha  uaaa  n.  If)  aubjaoted  to  a otntrifugal  force  doe  to  'the  rotation  oo1' 
the  Jet.  J 
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To  constants!  b anti  c,  ve  taka  *h*  initial  conditions 

dr, 

I-*  cj  rswaI  m n m *f.  + »■  r» 

.i  °'  ct  ’ "" 

\k\  finl  b - sLSJS.  , o ■ 0 
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lftibfltituting  in  (0)  md  solving  for  w » gut 
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New  to  find  r « o»n  go  to  th«  initial  configuration  and  raqubra 
tha  ocmaarvatlon  oj  naans  t fro«  the  rum- steady  oollapaa  U*or.y  w«  haw 


* ain  pA 


(30) 


Aaaunlng  that  tha  danaity  and  lanfth  of  tha  alarasnt  do  not  eh  an  a*  a* 
.it  movaa  fraa  tha  original  poaAUon  to  tha  axis  va  can  vrita 
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•a  * 
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AlaOj  olno*  i«  ha*«  aasunad  tha  Hn*v  to  t*«  vary  thin, 
m ■ P (•«  K)  / d 

Hanoa,  ocaiblnin,!!  (10),  (ll),  and  (12)  m got 
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If  wa  Ulr*  'tha  panstratiosi  alansnt  u j,rtrara»ly  proportional  to 
th«  jat  cross-cactlon  wa  got  (La.,  for  tha  expanding  3st) 
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where.'  r^.  la  the  radius  of  lh«  at  the  target. 
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CHAPTER  VIII 

SPIN  COMPENSATION 

R.  J.  Eichelberger 

Carnegie  Institute  of  Technology 
Pittsburgh*  Pennsylvania 


Introduction 

Dm  title  of  thla  dhapter  will  bo  interpreted  literally.  Kie 
chief  oonteat  will  be  e diecusaicn  of  fluted  liners,  the  most  ex- 
tensively investigated  naans  of  compensating  for  initial  spin  of  a 
shaped  charge  sad  its  liner.  Other  methods  of  eliminating  the 
detrimental  effects  of  spin  will  be  treated  only  briefly.  Means  of 
avoiding,  rather  than  eliminating,  the  effects  of  spin  are  not 
tenalnml  ballistic  problems*,  and  will  be  mentioned  only  for  purposes 
of  evaluating  and  ooaparing  the  present  and  potential  practicality  of 
all  means  of  dealing  with  the  problem  of  spin  degradation. 

Present  requirements  for  spin-compensated  liners  are  lsrgely 
detendned  by  the  spin  rates  of  the  spin-stabilised  H.E  JL.T.  rounds 
now  In  field  use.  Thee*  vary  only  elicit ly  for  rounds  of  different 
sinesj  e.g>,  the  S>7ma  H.X.A.T.  has  a spin  of  about  210  r.p.s.,  the 
75mm  and  105am  round  have  spin  rates  of  about  190  r.p.s.  to  200  r.p.s. 
.there  in  presently  a trend  toward  higher  muscle  velocities  that  would 
lmoreaee  ell  spin  rates  by  as  much  as  a factor  of  two,  and  scan  new 
rounds  currently  under  consideration  hare  proposed  spin  rates  as 
high  as  1200  r.p.s.  Even  fin-stabilised  rounds  sometimes  have  slight 
•pin  uawally  of  the  order  of  25  r.p.s.  which  is  of  considerable  im- 
portance in  large  calibre  rounds  (see  Chapter  VII). 

fligtflflcal  Bgcj^ggund  of  Slated  Urara 

So  far  as  is  known,  the  development  of  fluted  liners  for  purposes 
of  spin  compensation  has  been  carried  out  exclusively  in  the  United 
States.  Tbs  original  suggestion  1s  credited  in  the  literature  (l) 
to  Linas  Pauling  but  has  been  aado  independently  by  many  other  persons 
interested  in  shaped  charges.  It  is  interesting  to  note  that  the 
basis  of  thus  suggestion  has  been  similar  in  all  cases  and  is  not  signi- 
ficantly related  to  the  actual  aechanimn  of  compensation. 


* They,  include* 

(a)  Means  of  stopping  the  spin  of  the  shell  near  the  target 
(s.g.  by  means  of  vanes  or  peripheral  jet  engines). 

(b)  Means  of  preventing  spin  of  the  charge  and  liner  while 
allowing  the  shell  body  to  spin  for  stability  (e.g.  by 
mounting  the  charge  in  bearings ) » 

(c)  Elimination  of  spin  by  ties  of  fin  stabilisation© 

All  of  the  so  methods  are  discusus^d  briefly  near  tfhs  ond  of  this  cliflpx«6r  9 
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The  earliest  experimental  work  was  carried  out  during  World  War  II 
by  the  Explosives  Research  Laboratory • The  results  obtained  (l),  (2) 
inaicat/id  that  a spin  compensation  tendency  existed  in  Anted  liners 
but  was  opposite!  in  direction  to  the  anticipated  effect.  Basic  develop- 
ment since  the  war  has  bean  carried  out  largely  at  Carnegie  institute 
of  Technology  (Since al9U8  ).  The  early  work  at  C.I.T.  proved  the 
existence  of  spin- compensation  and  revealed  its  true  complexity.  Host 
of  the  effort  has  been  directed  toward  an  identification  of  tha  physical 
phenomena  responsible  for  compensation  and  attempts  to  reduce  them  to  a 
tractable  form  for  detailed  investigation. 

In  1950,  the  Firestone  Tire  and  Rubber  Company  became  interested 
In  sp in-compensation  in  connection  with  a program  far  developing  the 
105am  B.A.T.  weapon-.  For  practical  reasons,  their  work  has  often 
followed  different  lines  from  that  at  C.I.T.  and  has  provided  a greater 
variety'  of  experimental  observation. 

While  all  of  the  experimental  work  on  fluted  liners  has  been 
carried  out  with  shells  spun  in  stationary  apparatus,  several  field  tests 
have  by.  nop  beta  carried  out,  also.  The  first,  a premature  attenpt  to 
apply  vaxy  early  C.I.T.  laboratory  observations,  was  carried  out  by  the 
British  ih  19U9  or  1950  (unreported)  with  very  unsuccessful  results, 
lha  second  was  carried  out  by  Picatinny  Arsenal  in  1951  (also  unreported), 
using  same  C.I.T.  experimental  liners  mounted  in  standard  57mm  shells. 

In  spite  of  the  facts  that  considerable  adaptation  was  necessary  in 
mounting  the  liners  in  the  she  A and  the  compensation  frequency  was  about 
V>  r.p.s.  less  than  the  spin  frequency  of  the  sheila  (160  r.p.s.  as 
compared  with  210  r.p.s.)  the  results  were  very  satisfying.  ‘Hires  shots 
out  of  three  perforated  U in.  (2.3  charge  diameters)  of  armor  plate-  and 
ten  shots  out  of  sixteen  perforated  5 1/2  in.  (3.3  charge  diameters)  of 
armor.  These  results  are  to  be  compared  with  10%  perforations  through 
3 in.  of  armor  by  the  standard  57ran  HJSJUT.  shell.  Just  prior  to  the 
time  of  writing,  Picatinny  has  completed  testa  with  a a edification  of 
tho  C.I.T.  experimental  liner  designed  specifically  for  the  standard 
she  A.  In  this  case,  ton  shots  cut  of  twenty-four  perforated  6 in.  of 
armor  plate.  The  linerr  tested  represented  a variety  of  manufacturing 
conditions.  There  is  evidence  in  the  data  that  most  of  them  over- 
compensated  wad  that  even  better  performance  could  be  expected  from  an 
appropriately  chosen  procedure  of  asnuf acture  s 

Firestone  has  also  carried  out  field  tests  with  fluted  liner?  designed 
for  slew  spin  (about  50  r.p.s.)  105wa  rounds.  Theso  tests  indicated  that 
the  fluted  liner  was  compensating  almost  completely  for  the  spir.:_  although 
difficulties  with  ogive  shape  caused  some  reduction  m pouatr-atlnn 
(s-itircly  incidental  as  far  as  spin  compensation  is  concerned). 

» P.-stisAlon  7*hti-Tanki  Jflight,  recoilless  rifle  designed  for  use  on 
the  battalion  level  by  infantry,  w it«  K.E.A.T,  shells. 
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of  b,  fitted.  llr»i-  'ui  i,  Hh*ll  is  no  different  from  that  fM.ained  .In  the 
laboratory,  provided  the  ahell  design  does  not  interfere  with  proper  jet 
formation. 


ftm  the  viewpoint  of  application,  tin*  best  raaulta  that  have  bean 
obtained  to  date  wlib  flutod  liners  ares 


o i w*  iiiwrs 

(charp  diameter  1 5/6  In.) 


105me  liner* 

(charge  A tame  ter  3 1/1*  In.) 


4.0  charge  diameters  penetration  at  3*0 

5.0  charge  diameter*  penetration  at  160  r.p.f. 
it. 7 ohargo  dlanatar*  penetration  at  250  r.p.s. 

6*2  charge  dlamater*  penetration  at  $o  r. 
li.5  ohefR*  dbueoiera  penetration  at  85  r. 


The  potential  performance  of  the  57w*  coma  (ac  represented  by  smooth  liner* 
firert  «t*tica11y)  u about  5-3  diameters  penetration  and  that  si  tha  10?ma 

liner*  about  6*7  dlamater*,  under  appropriate  coalition*  for  cceiperiiKm 
with  the  above.  Hy  Interpolation  from  laboratory  reaulto,,  a penetration 
of  U.d  uharp  diameter*  ahoald  oe  readily  obtainable  fren  a 5 Turn  M.ia.T. 
round  at  it*  standard  spin  frequency  «?  ?1D  i .p.a.,  'So  liner  has  yet  been 

U*Um  that  would  provide  very  good  epia  oo^iHiattoM  hi  etahd «u\»  iionw 
W*XJL,S.  roundi  (spin  frwpeaoy  about  206  r.p.a. ). 

ss^msM.  *J£L  SsEssm&m  & Eteffl  fcuw 

It  1*  new  pne  rally  acoepted  the*  the  detrimental  iffeotn  of  rota  Mon 
arc  due  the  re  <j*  Irene  nta  of  eMteerraiicsi  of  angular  aumantu*  and  the 
ooniMqpent  tremendous  rotational  frequanoie*  of  the  >t  (see  Chapter  VID). 

In  mniar  t-  counteract  thle  effaot,  It  la  obviously  imioesaasy  that  a 
tonpntlal  component  of  velocity  be  iMfmrtad  to  each  oleawnt  of  the  finer, 
by  awa  neana,  which  ia  egu*l  in  magnitude  U.b  opposite  ir.  direction  to 
that  aet  up  hy  the  Initial  spin  of  the  liner.  The  almplent,  mean*  of 
aeoowpllehlng  thin  ia  to  find  a way  of  using  the  energy  of  the  e^loelve 
to  produce  a counter- torque  on  tha  llnar. 

The  basis  of  all  tha  original.  *u mentions  for  use  of  fluted  liners 
he*  >**««  tile  idea  of  stwfply  mitering  the  direction  of  liner  mllapse,  by 
niuitiui  the  surface  in  segments,  so  m to  coe^anaate  for  tha  tangential 
velocity  rsator  due  to  initial  spin  (l).  This  idea  ia  still  implicitly 
included  in  the  the  ,ty  of  oag$^asation,  but  ploy*  only  .»  minor  role  in 
moat  oases.  The  vary  first  E.R.L.  teiTb*  In  which  air  indication  of  spin 
oa*pen*atloa  was  observed,  shewed  that  this  maohanisz:  was  y*0  ^/*  IS  <*'  v. 

In  %h*t  th#y  com^nmeAim  In  th«  dlraetie™  o^pc^lts  to  that 

#nMmnB4ii!  (l),  (#>,  ,fh«  IfR0h.  group  then  develojtfed  a theory  baaed 
on  tnecpaiity  of  tor cue a produced  ty  pressure  of  the  explosive  product* 
on  the  canted  fend  the  offset  iiur£i»csrt  of  a liner  setsaant  (2)*  Thin 
concwpt  wa»  la  to-  sedified  by  C.X.T.  (il)«tc>  take  Into  account  »vm» 

8 toady  state'  conditions  in  liner  collapse,  but  -the  theory  has  since 
been  proven  inooirreet,. 


CONFIDENTIAL 


i-’SJ*  jlsUa.**  pmmrett-43  WW  «ri^PT7SI  t-i  ip . <«  Brans  ? MUrsT***  W, 


T>  TJ 


CONFIDENTIAL 


3nw  prwaont  ouncepl  of  spin  oampannai ion  is  based  on  two  phenomnrw. 
that  hi?w  ba«n  studied  at  C.I.T.  under  far  wispier  eircumBtarioes  iiian 
those  wciwfcing  in  ccrupae  of  a fluted  linnr.  Guo,  sometimes  called 
tl*v  "thick- thin"  effoct,  is  the  observed  dependant*  upon  the  thicknc&s 
of  tl*  liner  of  tha  iapulae  dalirarod  to  .1  liner  ale  nan  t by  tha  product 
gawwi  of  detonatioa.  Tha  aacond,  naawnd  tha  "transport"  *ffoot,  ia  tha 
dependence  of  tha  iaculae  dal, It* red  to  the  liner  upon  tho  angle  at 
which  tha  detonation  prodnotn  Inking*  on  U>*  limn.  Goth  of  than® 
affects  ait*  strictly  dynamic  phenomena]  that  ia,  they  »xi>  to  ba 
dbearrad  only  in  a rapidly  flowing  fluid  and  they  rsprtmmt  dmparturea 
Atom  ii'ohlnad**’  principle. 

tha  thick-thin  affect  ia  repnwauntad  erenlitoaU^  In  rig*  1,  fl>e 
aim  avuin  urn a derived  from  tha  tha  cry  ofehuok  vkna  (si*)  and  has 
been  aerified  by  experiment  (v6).  k .-ary  similar  result  ha a alao  bean 
obtained  on  tha  baala  of  gas  kina  tics  (3}.  Application  of  tha  thiok- 
thin  affaot  to  a fluted  liner  ia  alao  illustrated  lln  Tig.  1„  T5w» 
iqpulaa  par  unit  area  ,1a  always  greater  on  the  offtNit  aurfao ainoa 
tha  thioiocaa  noraal  to  u*t  aurfao*  i»  greater,  ^irthamora,  tha 
iamlaa  ia  directed  along  the  aurfaoa  normal,  When  tha  Impulses 
(Wiwafl  at  ell  aurfaoa  alanania  are  1**  solved  into  redial  and 
UiUffaatlal  co«§#wiie*«U  and  emmfi,  the  tvtal  tangential  wwvuwv  <«,>«* 
net  vanish,  as  In  the  earn  of  a static  fluid,  but  has  * net  reiwltiuat 
nhieh  product**  a torque,  in  tha  dlroct^n  ■h'w.  wMnh  can  ba  uael  for 
spin  ocaqpaoaatlon. 

tha  W*i*g>on\  affect  can  ba  represented  slaplly  by  tha 


whnrs  7^  in  the  ilxpuluu  'i«li.»rsJ  to  unit  ares  of  a liner  whoa*  aurfaoa 
IWWS*!  Jrepi*  **v»  esr |3*  • with  ♦>>*  iHrertipn  rtf  propagation  of  the  detona- 
tion were,  and  la  ihs  ispule*  delivered  In  normal  irpnet,  Ihle  * Ration 

ha a alao  been  derived  free  hoth  ahoek  theory  (16)  and  pae  kinetic*  (a») 
and  hea  been  verified  by  ewperiment  (12),  It  In  significant  in  apin 
compensation  baoauao  the  ang-ic  t at  whioh  tha  detonation  wave  utrlkaa 
the  canted  aurfaoa  i*  foneralXy  (except  in  spiral  flute#)  lea*  than  for 
the  offset  aurfaoa.  A*  a raault,  a net  torque  is  produced  ia  the  direc- 
tion apposite  that  fro*  'the  thick-thin  affect. 

Ms,thsn«tioa'.l  i.ceatwmta  n£  spin  component Aon  have  bean  carried  out 
bv  L.  H.  Thomas  (b.)  and  ly  C.I.T.  (3,6).  tha  latter  being  an  atte^i,  b,> 
ralir*  the  assumptions  used  by  Thongs.  These  trwatmanlH  are  baaed  on 
shook  theory  and  jjqpliuitly  contain  both  the  affects  to  which  upin 
r-caponsatica  has  Loan  ascribed.  They  donoaiatrata  Umoretically  tha 
£*/ eaibiliiy  of  spin  tHsapennation,  and  Thomas  hwo  shown  tha  pons), bilifer 
of  naweraal*  in  direction  of  u-a  not  tor qua.  'iiftfcrtunataly,  tha 
iiUqslA? ioatioito  required,  to  make  tha  matnamatioal  treatment  tractable 
prrarant  their  application  to  teat  condition*)  exempt  under  very  apodal 
clreuma  Uncos,  At  prasant,  the  mathematical,  theory  provides  only  a 
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Pi®,  1 Illustration  o if  Uta  fcM.fjtM.hln  effeot  and  It*  Application  to  ft  fluted 
lime.  Due  to  the  varlaVl u».  w..wi  Xlnnr  thickness  at  impulse  per  unit 
(UNift  delivered  by  the  ftjylnulon  produo t a to  Uvo  liner  ,a#e  upper  figure), 
the  Impulse  del  tvs red  to  *n  ilowmi  of  a /’luted  Ilnur  depends  uoon  tha 
shape  of  th«'  liner  In  the  neighborhood  of  the  el  went . 'fhe  greei«u  ih< 
ttilakneea  o i fcfc*  line*  r.rrr.^i  to  me  outer  siritats) 

the  srsufcflr  the  bepulw*  dai.lVft.red  to  It.  Th«i  result  is  illustrated 
Bahasst.icftlU/  in  the  lover  fifuro,  where  the  i vngtha  of  the  errowii  roughly 
represent  Urn  i&sgnitudea  or  ths  i^pulnae.  Koaauee  ef  tha  nan-urU* orally 
of  th<»  impulse,  there  is  in  general  a not  faro*  to  rotate  the 

configuration  In  the  direction  of  the  ourvod  arrow,  The  illustration, 

»f  uourn*,  ovcrs^piif'ieo  the  application,  but  oenveya  the  general  ii-i", 
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(axall/Utiw*  for  esporhnsntal  work.,  Attaiiipia  Imvw  boon  mada  at 

C.I.’l.  to  apply  obaarratinnfi  on  tha  thiesr-fM*  and  trnnnpnrf.  affont* 
dlrstrtly  ti>  flut»U  ccoaa  in  a waal-^piPioiil  fashion.  This  pro- 
oadura  also  produces  many  dUfimutiaa9  howavnr,  a»d  Jwa  not  to  dates, 
ylaldad  <my  vary  useful  results  axcapt  of  a quail  tat  rr*  n*tur*« 


Inm  though  a rigorous  aathamatleal  trf»at=»nt  of  flu  tod  liners 
aaaaa,  at  proaant*  vary  ramota  imlno.!.  I t la  poasibla  to  r*tio>\allM 
in  Nlf-ooroilatant  faahion  tha  antlr#  bis:^jr  of  ssjsarlnantal  </ua*rva- 
tiuns  male  thua  far  with  flu  tad  lilnorw.  Turthoruor#,  liy  combining 
lnfomatlon  glaanad  frost  thaorot.iual  eoMilldaraiion'*,  baa  So  «apari***ii«i9 
and  obaarratlons  with  flu  tad  Inara,  this  follow  in*  tonolusiona  can  ba 
reached t 


(l)  Tha  ohanoaina  responsible  for  spin  oowpansatlon  (I.#.,  tt« 
think- thin  affaot  and  tha  transport  affaot)  ara  Moond-ordar 
In  Magnitude  oca^arad  with  tha  ovorall  affaot  of  an  sctploaiow. 
on  an  inart  llaar. 


(’ll)  Tha  taro  iffacto  ara  of  ipproKlaataTy  tha  him#  nagnltuda. 
bat  an  oppoalts  1a  diraotlan  undar  tha  read  It  Ions  studied 
fXpariasntatljr  thus  far*  TUay  largaly  ^Jid^aaaant  of 
"*s?  aaathsr  tad  can  ha  rariatl*  OcrjaaqpautlT, 

thagr  an  oomrsatlUra.  awl  aitHw  ran  b*  aada  dominant  07 
•rrrorrlata  tiaaljp,  lasdlng  to  tha  possibility  of  rararaala 
in  d Irani  It*,  of  min  oosponast^ 


lla  shall  first  aonaJdar  th>»  wary  ganaral  and  fundanantal  aspaote 
of  thm  awpuiwwnattl  obaanrsfclcnii  with  flatod  Ilnur.",  In  tha  flrat  pl*oa. 
It  t*Mwa  adaquatoly  proa*n  wear  that  thr  esrwntial  affect  of  tha  fluting 
1«  bt  Introduoa  an  angular  ilagmlaa  in  tha  coJULapnin*  linar  which,  nndar 
appro^riat*  conditions.  oan  ba  aada  to  otwpsnsato  for  tha  angular 
acr.'nt**l  lua  to  Initial  spin*  Thus,  a fl.wiad  liner  again  at.  ltu  tUaignad 
optimal  fraquanoy  produces  • Jit  sanr.rtly  ilk*  that  prochiowi  hy  an 
•qplTalsnt  naooth  llnar  firad  statically.  Whan  ft rad  statically,  iho 
flutad  Hn*r  produesa  a dl^parsad  jat  lika  that  fr*m  a rotaWd  aaootn 
lirwr.  Indira rt  arldsnoa  of  tbs  us  facts  baa  feaan  daneribad  many  tlwaa 
iAOluflln#  hoi*  pm  ft  la  ob.'"*mrAti*,vtai  j#t  velocity  naasuramanis,  pane- 
tret  ion  Talooltlaa,  a to*  A aat  of  flash  radiographs  taken  at  <th# 
Ballistic  Kaaaardli  laboratory  Mmutl?,  and  shown  In  rigy  **,  prorida 
tba  flrat  dimet  ard  lnovutttrowrrtlbl*  prof«T,  howavsr. 


W"Hi* ’£»i ”53T TitfxbXy  apiraXiad -Instead  of  atraight  flutes  <«ouM  pr*- 
miMbly  natm  tha  two  effoots  nutwslly  ralnforsing  instead  of  oos- 
patiiMTS;,  tJM«  leading  to  higNiv  optl’rua  frequ.fsinoies.  JJaa  Qu^itar  IT, 
pagn  $k  r wad  th**  discusaiuii  of  aaparlBtantal  rasuitn  lat-r  in  this 

Notei  Additional  rodosigns  isaybs  found  o’-wnffieros  L.  fiarnow 
and  J.  S&hoA,  "Flash  BadJ-ograpsic  Ftu.dy  »r  ??sJ.n 
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I'Yu’ther  evidence  of  t’ss  affects  o:'  .iirpoMi&tlon  is  shown  ;Ln  tho 
plots  of  Fig,  3 where  «q»rlM«ntal  points  *nrf  oin»  *v»r  <?>* 

depth  of  penetration  as  «\  (line lion  of  rotational  froqusney  for  smooth 
and  flutod  £7wa  and  10£»s  XjLnnra,  It  is  evident  that  the  behavior  of 
tfcs  fluted  Ilnsn  as  the  frequency  is  shinned  ie  the  sens  as  that  of 
the  aqulvslent  miooth  linarti,  except  that  the  maximum  peneU'ation  is 
obtained  with  the  fluted  Ilnurs  at  some  rotational  frequency  other 
ttu.n  »r  ro#  the  optimum  frequency  being  date  ruined  ly  the  design  of 
t/iu  flutes,  wall  tblokness,  etc,  Turn  oaaes  shown  are  typical.  For 
!ihu  10*?nm  liner*,  the  fluted  liners  gars  a higher  average  penetration 
•it  their  optimvmt  frequency  than  was  obtained  with  the  statically  fired 
(moot!)  liners,  (the  ostensible  .increase  in  penetration  is  due  co  a 
reduction  in  average  wall  thlokneae  of  a cone  Initially  thicker  than 
optimum  duo  to  machining  of  flutes)  this  is  not  a typical  characteristic, 
of  course.)  With  the  $Tm  liners,  the  penetration  at  optimum  frequency 
by  the  fluted  l:Lnere  la  somewhat  less  than  obtained  with  statically 
fired  smooth  liners,  but  It  will  be  noted  that  the  optimum  freepenoy 
is  »tt>  r.p.s.  (well  above  the  rete  of  spin  of  a standard  57ma  fl.I.A.T. 
shell ) . Tho  experimental  point*  A own  on  the  plots  also  illustrate 
Unat  the  variability  in  performance  with  a satisfactorily  made  fluted 
llnmr  is  no  greeter  than  the  variability  cf  the  stpivalanb  nooth 
liners. 


Sealing  relations  for  fluted  line  re  are  not  vet  v#u  *sUbllt»h#i!* 
Theoret 3,0*1  considerations  bused  on  modelling  laws  lead  one  to  aspect 
that,  for  liners  and  oharges  that  are  geometrically  similar  in  all 
respeetn,  the  optimum  freraienoy  (4. a.,  the  f*#a*itficy  at  which  the 
highest  degree  of  compensation  is  obtained)  should  vary  as  1/D,  D 
being  the  charge  diameter.  The  only  experiment*!  rvldsnoe  available 
at  present  Is  obtained  by  oomperieon  of  result*  with  liners  of  different 
sites  that  are  not  really  scaled  replicas,  Early  comparisons  of  this 
sort  Seemed  to  Indicate  that  v wad  acre  nearly  proportional  to  \/Tf* , 
but  tbif  h«*  since  been  contradicted  by  w^rk  at  both  Firestone  and 
r.  rw:  *+  prowet,  it  appears  that  *0*e-jpS  with  n slightly  larger 

than  unity.  ‘Hie  uncertainty  of  the  axperinenlml  ocmpai’J.aona  is  auoh 
that  the  departure  from  the  Lhacretioal  expectations  in  not  oertain. 
Const qpuently,  through  the  remainder  of  this  chapter,  tits  theoretical 
scaling  relation  v.«  - will  be  Adopted,  Definitive  settling  teste 

° n 

*re  ’being  carried  cut.  at  the  time  of  writing,  but  have  not  wm 

n\ijjsp.leted. 


It  nwst  be  roted  that  even  the  rout  fmyorable  scaling  lew  that 
oar*  b#>  anticipated  rslnea  a grunt  deal  of  difficulty  in  obtaining 
oonguneiHtion  at  standard  spin  rates  with  large  13L*»ra,  In  order  to 
obtain  cca^Hinoation  in  a ICJnw  shell,  the  ratio  of  flute  depth  to 
chary!  diamat'-.r  or  to  liner  wall  thioknesiy  r.unt  bn  about  twice  sa 
great  a#  that  required  to  obtain  condensation  at  the  same  spin  rate 
a 9ui.lt..  Wiiii  uuw  designs  that  have  been  tested  to  data, 
it  has  not  been  possible  to  nchiove  a useful  depth  of  penetration 
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Plots  of  typical  data  from  105ns  and  57ro»  fluted  liners,  compared  with 
observations  for  equivalent  smooth  liners.  Both  abscissae  and  ordinates 
are  normalised  in  accordance  with  accepted  scaling  relations  for  purpose 
of  comparison  (S  is  the  bass  diemet-er  of  the  liner  in  each  case,  p is  the 
depth  of  penetration  and  V*  the  spin  frtquenoy  at  which  the  observation 
was  made).  There  are  toe  few  10$es  data  to  conclude  such,  except  that  the 
fluted  liners  perform  at  least  as  well  at  i—i.  optimum  frequency  as  the 
statically  fired  wicoth  liners.  For  the  57»m  liners,  the  peak  penetration 
'ey  the  fluted  liners  is  somewhat  less  than  that  by  the  smooth  lir.ere  but 
the  optimum  frequency  is  high  (about  250  r.p.s.),  The  variability  in  no 
worse  than  with  smooth  liners,  however.  Relative  degradation,  in  perf ermine: 
as  a function  of  departure  from  optimum  frequency  ie  the  same  for  fluted 
and  for  smooth  liners.  Qtotej  description  of  method  of  curve-fitting  may 
be  found  in  CIT-GRD-R23,  R25  and  R2671 
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with  the  larger  liners  at  standard  spin  wit«a  for  this  r<a»eon. 

With  regard  to  vhe  possibility  of  achieving  condensation  r.t 
very  high  spin  rates,  it  ,?4uq  only  be  stated  now  that  there  has 
appeared  n<?  enn-.^tlal  limit  to  th»  attainable  optimum  frequenoiaa. 

It  Is  certain,  hovevar,  that  the  difilculties  will  increase  rapidly 
as  the  optima*  frequency  sought,  inoreaaas,  Certainly,  tha  aimpla 
designs  of  fluta  nnd  tlm  liberal  tolaranoe*  used  to 

date  must  be  altered,,  A practical  limit  to  the  attainable  com- 
pensation frequency  exists,  certainly,  but  ita  magnitude  cannot  be 
estimated  from  prevent  information.  It  seems  entirely  puaeible  that 
compensation  oan  bo  achieved  at  valuta  of  vQD  an  high  as  1000  in/stc. 
without  requiring  Impractical  designs. 


five  disttnot  topes  of  flutes  have  been  tested  to  date,  they 
lire  illustrated  in  Hig,  U and  givon  designation*  that  will  be  used 
^throughout  the  following  dirousslon.  Class  I and  Class  XI  flutes 
are  formed  between  one  fluted  motel  die  (male  for  Class  I,  female 
ifor  data  II)  and  a rubber  padded  smooth  mate.  The  undulating;  flute 
.farmed  by  tha  Iwl  uhaiMuteriaea  noth  Typne,  Clast  III  flu  ton 

art  famed  be^neem  matching  fluted  metal  die*  and  Cl*  a ran  IT  and  V 
between  one  fluted  die  (female  for  Class  IT.  mala  for  Class  7)  sad  a 
smooth  metal  mate*,  *»  will  be  seen  presently,  quite  different 
results  *1*4  -;-4>  »al.o*d  with  Uw  v&riuu*  type*  of  flu  tea. 

All  significant  flutes  tea ted  thus  far  have  been  made  so  that 
(at  least  nominally)  their  depth  leerewted  linearly  with  cone  radius j 
henoe  the  flute  depth  oan,  at  laast  nominally,  be  represented  hr 
a • pH  where  |>  lie  e constant  for  oaoh  can*.  The  design*  hem  been 
limited  »o  that  any  mm  U>  nominally  tie  northed  by  five  design  parrmatore 
musin'  i in  Fig,  *? , and  defined  aa  follows! 

U • a>h,  e ■ flute  depth,  IR  ■ pitch  radius  of  Hner  element 
X « t/k9  t » wall  thickness  rt  blank  before  fluting 

h m number  of  (lutes 

e angle  between  flute  r.\ffaet  and  radiue  tfiroujh  it,*  root 

5 ,r  angle  of  indexing  (whan  mat  idling  fluted  tools  are  uesd)' 

Systematic  of  *U  yw  iKoaign  parameters  have  wot  yet 

bean  carried  rail,  far  *11  "3  as  a f- a of  flutes.  The  following  table 
indicates  which  have  bean  studied  for  each  iyp«  (0  indicates  investigation 
by  C.I.T.  with  ytmn.  linarsj  F,  by  Fireetona  with  ;i.G£m«  , liner*!. * 

'T'Jbfi*  detailed  (tewcriptlcu  if  foraiug  technique.-  ia  included  .later  ii» 

this  chapter. 
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Fig.  ill  Fiufilwo  typifying  five  E*n«ir».l  oinoacn  of  Jtluta  dealp.u  Airrawa  ir.dloflto 
Jii'oction  of  aonponnatlve  ijupulsa  for  ena!!  nwibara  of  flutosj  for  Claoo 
n:c  flutss,  dlraction  of  coKnenaation  dispoivia  on  lnde*  *ngie  to  wall  «a 
on  rvwbor  of  flute n. 
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Flute  Design 
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*Notei  Casts  indicated  by  asterliiks  have  been  Byairnttioally  investigated 
by  strings  of  experiment*  in  which  only  on*  pariussler  was  varied 
insofar  u control  was  attainable.  In  other  o*mv , not  ao  marked, 

Uu  or  wore  not.*  of  teats  are  used  ••  a basis  for  correlation,  Th* 
O.T,T.  liners  ai*e  only  nominally  51mm\  aotdally  they  are  a\>out  0.2  in. 
Mailer  in  baa*  d)«**ti)r  than  tl»  lin«**a  new  being  heed  In  shells. 

mis  table  should  b*  referred  to  in  reading  the  dlsoueelon  that  follow*  in 
order  to  ascertain  the  combinations  to  which  any  statement  is  known  frm 
mxpariaont  to  spiii  y,  enrl  those  to  which  It  can  b*  applied  taly  by  inference. 

the  following  statMwnnt#  briefly  aasaarias  the  present  state  of  know*- 
edge  of  the  depend  eh  o*  of  fluted  liner  perffrmanoc  or  tho  primary  design 
parMKtrrs  for  flute  typo*  7,  IT,  TV,  and  f,  These  may  be  g&naidered  "simple” 
flute  designs,  <*nd  fallow  ml*  lively  simple  Mpirioai  lave.  Type  XXX  flutes 
follow  siore  oamUx  Uw*  beoius#  of  ths  additional  »»rl*bla4  tM#s  angle  *, 
which  Is  peculiar  to  this  purtlttular  design.  All  the  known  aspects  of  behavior 
of  typo  rn  flutes  axe  diiouised  separately"*,, 

I'<r  tripos  X,  IX,  19,  and  V,  then,  the  fciPrwing  relation*  tames  boon  found* 

(l)  flute  depth*  For  <‘yp*d  I,  XI  and  T9  the  optimum  frerpiency  of  jipin 
1*  epprcndiaWVy  a linear  function  rf  flute  depth,  the  magnitude  cf 
vQ  increasing  (regJirdlea*  of  direction)  .with  increasing  flute  depth 

(?0),  (21),  Dopsrbjras  T\im  linearity  sro  found  at  both  very  rnamll 
and  larga  flute  depthr,  bat  th«e*  are  litt'lu  prac-timO  "importance 
because  of  tho  low-c-SBipenaatlnn  frequencies  attached  to  tbs  ferwor 
and  th*  low  penetrations  obtained  with  the  latter,  wim  iyp*  f 

an  jet,  revealed  oo  systematic  variation  of  vQ  with  flute 

data  pro  Rented  in  Dm  following,  the  experimental 
oonditiPua  are  as  follows i 

C.I,,T„  (57*b  Xinors)  - Targ«tst,  mild  atael 

Standoff,  6 in.  (3 *?  chg.  diam,. ) 

Charge  conftnmsent,  2/b  in.  aluminum 

F.T*  A.  ft  {lOHnm  liners)-'  Target,  milu  stae.i 

Standoff,  7 i/2  in.,  (2.1  chg.  dl.ra. ) 

Chs.Tun  oonfineuMnt,  3/C  in.  steel 

The  erperiaonttl  conditions  will  affect  to  some  alight  extent  the 
evaluation  of  optimum  frecfionuiaa  and  to  a much  larger  extant  tha 
Iwol  of  performance  aeliievod  ant  the  variability® 
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fir-  #•  RaparchNMMi  of  optima  fraquaaay  on  fluia  li^iUi  for  Typo  I and  Typo  V flutaa, 
Ttwi  or* w !**inf  tndloativn  -of  a Amimoniaily  lin*»r 

twlatlnuahl?,,  iiww«|!h  ii  xn  K«-n*r*.Uy  Malted  for  thaaa  typo*  of  flutaa,  for 
M*  Tn#  ii  flutaa ^ both  tha  aluf*  o!  tha  juiar  aurfaoa  of  tha  Hoar  and  tha 
pari*  Hail  on  obtained  ar«  oonaiatont  only  oyar  tha  alcldla  of  tha  rang*  of  fluta 
rt^ith*  oorarad , and  a good  linaar  oorralation  la  obtain^  cTrar  that  >'an|,n, 

?^r  thtt  fypa  X f!  **tes,  tha  tstarw  Hut*  a lianas  btows  pre£i»uaivaiy  onarp»n 
aa  fltita  dapth  inoraaaa*  ovar  tha  antlra  ranga. 
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FMart-ar  of  Flutaa 
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TjO  Ffe  i*> 

HunUii”  of  Flat** 


fig.  « DapemWmoo  of  Yq/*  on  number  -..i  flutae  for  Typo  II  tod  Typo  IV  flutaa. 
Th#  opilMUM  fro^ootiay  hu  boon  divided  by  flute  lapbh  in  ardor  to  iirmit 
um  of  *ort  data.  Thi  ainilarity  of  tbo  flurvwa  for  anall  ami  largo  liner a, 
MptoitUy  wtwm  K i»  nearly  oonatari,  la  particularly  noteworthy.  fro« 
iho  data,  it  appear*  that  null  thlokncM  oonaidarably  ftffaote 

tho  ralutlv*  wayolturtaa  of  Ui«  aiurlwua  Y'J*  for  wall  and  for  largo 
nu»6«ra  of  flut.aa.  fho  numbar  of  flutaa  at  which  ravaraal  In  diraofclon 
of  catti*in«atloti  takai  plaoe  la  not.  » fwnofclcn  of  wall  thuoknaea,  hoimvar. 

In  rig,  V th*  thloknaaa  of  tba  wall  la  takan  into  aoouont  uitu  « aingla 
enirwa  obtained  for  all  llnare  of  a given  flu  ■»  tjipo. 
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Plot*  of  typical  data  are  shown  in  Fig.  6j  further  evidence  is 
presented  later  in  discussing  a general  correlation  formula: 

(il)  Flute  amber » ^he  dependence  of  optimum  frequency  on  the  raaber 
of  flutes  is  too  complex  to  be  briefly  expressed.  The  experi- 
mental evidence  shows  that  for  Types  I,  II,  and  IV,  flutes  tke 
optimum  frequency  first  increases  with  increasing  umber  of  flutes 
to  a maximum  at  about  n ■ 16  (1?),  (22).  Further  increase  in  n 
produoes  a decrease  in  v until,  at  about  n ■ 32,  no  net  com- 
pensation is  obtained.  °StilX  further  increase  in  n produces  a 
rererrl  in  tha  direction  of  cotrr'enaationj  the  magnitude  of  ih=5 
optimum  frequency  increases  wltn  increasing  n,  but  approaches  a 
saturation  value  for  n>  60*(13). 


For  Type  f flutes,  no  significant  variation  of  v with  n has  been 
found  (?).  0 

A plot  of  experimental  results  for  8 -n-21*  for  type  II  flutes  1s  shown 
In  Fig*  7)  in  the  teats  represented,  only  the  flute  number  was  varied 
nominally.  la  Fig.  8 is  a plot  showing  compiled  results  of  a larger  number 
of  tests  with  Type  II  flutes  (97mm)  and  Type  IV  flutes  (109mm);  the  ooordinate 
axes  have  been  normalised  so  as  to  permit  combination  of  results  involving 
variations  in  flute  depth. 

(ill)  Well  thickness:  The  best  present  estimate  of  the  effect  of  vail 
thickness  on  compensation  is  that  the2optinnm  frequency  decreases 
with  increasing  wall  thickness  as  lA  • A rapid  decrease  is  to 
be  expected  on  theoretical  grounds,  tut  more  data  are  needed  to 
verify  the  font  of  the  relation.  Wall  thickness  has  a very 
drastic  influence  on  the  potential  penetrating  power  of  a fluted 
liner,  aside  from  its  effect  on  optimum  frequency,  which  is  dis- 
cussed later  in  this  chapter. 

(iv)  Offset  annlei  The  accumulated  evidence  from  variations  in  tt# 
Indicates  that,  for  values  between  0 and  30°,  variations  of 
reasonable  magnitude  have  little  effect  on  the  compensation 
(22),  (23),  For  angles  greater  than  30°,  variations  become  in- 
creasingly important,  in  agroement  with  theoretical  considerations. 


While  the  Firestorm  teste  have  not  included  sufficiently  long  strings 
of  homologous  designs  to  lead  to  the  above  conclusions  separately,  Winn  has 
set  up  an  empirical  formula  including  all  of  the  major  design  parameters 
except  (which  has  not  been  varied  in  general)  and  5 (applicable  only  for 
Class  III  flutes).  The  formula  to  which  he  fits  ids  data  *s  (6),  (9). 


f(n) 


v T1 
o 


where  T1  is  defined  as  the  minimum  thickness  of  the  fluted  cone.  For  the 
Type  Tv  and  V liners  used  most  by  Firestone  T'  - T ~ a ■ (X  - ^)R.  it  is 
desirable  here  to  use  a wall  thickness  that  correspond*  more  nearly  to  the 
veil  thickness  of  the  blanks  used  for  Type  I,  II,  and  HI  flutes,  so  that 
we  can  c Caspars  correlations . For  this  reason  we  shall  here  use  an 
T*  4 T 

■ — g— ~ y'or  the  Type  IV  flutes* 
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If*  shall  take  another  liberty  with  Winn's  correlation  in  order  to 
bring  it  into  closer  agreement  with  the  remarks  made  above  concerning 
sealisg»  If  the  Tire stone  fessula  is  rewritten  in  terms  of  the  dimension- 
less  parameters  defined  earlier,  it  yields 


2 

implying  that,  for  scaled  liners,  vq  Tories  as  1/fe  • Actually,  the 

firestone  data  that  are  correlated  involve  such  small  variations  in  £ 
th4}t  ana  can  equally  wall  justify  using 

* fe>  ■ *0  * * 

which  would  agree  with  the  remarks  mads  above*  Closer  agreement  between 
C.I.T.  correlations  with  57mm  liners  and  Firestone's  with  10$ma  liners 
is  obtained  in  this  way* 

Fig*  9 shows  correlations  for  57ma  liners  with  Type  II  flutes  and 
for  lOSasa  liners  with  type  17  flutes*  The  general  similarity  between  the 
two  Is  evident*  It  is  also  intarosting  to  note  the  differences,  which  are 
prtsnubly  due  to  the  difference  la  the  type  of  flute  used*  The  type  II 
flutes  tend  to  give  the  highest  values  of  f (a)  for  16  flutes,  whereas  the 
Mtfiest  values  for  typo  17  flutes  ire  obtained  with  about  $0  flutes* 

The  most  interesting  feature  of  the  type  of  correlation  ah  own  in  Fig*  9 
Is  that  it  does  permit  a reasonably  good  correlate:  r.  of  teste  that  are  not 
sduply  related  (l«e*  are  not  parts  of  strings  of  teste)*  This  fact  lends 
considerable  support  to  the  remarks  abovu  concerning  the  dependence  of  v 
on  various  design  parameters,. 

The  behavior  of  typo  HI  flutes  is  best  described  by  considering  series 
of  tests  in  which  only  index  angle  has  been  varied*  The  results  of  a series 
of  testa  with  1 5/8  in.  charges  containing  1 leers  with  16  flutes  of  msariaua 
depth  0*015  in*  are  illustrated  in  Fig.  10  (19).  The  relation  between 
option  frequency  and  Index  angle  is,  of  course,  cyclic,  repeating  itself 
at  Intervals  of  360/n  degrees  - that  is,  at  22  1/2  degree  intervals  for 
the  dose  illustrated* 

It  is  evident  from  the  plot  that  variations  in  indexing  alone,  and 
the  attendant  changes  in  relative  magaituda  of  the  competing  mechanises  of 
compensation,  cause  drastic  variations  in  optimum  frequency*  The  range 
covered  in  the  experiment  illustrated  is  from  +275  r.p.s,  to  -250  r,p*s.  - 
i-«-;  a. range  of  £35  r.p.s.  Of  especial  academic  interest  are  the  index 
angles  1 1/2  and  11  1/2  degrees,  at  which  the  competing  mechanisms 
exactly  balance  and  produce  aero  optima  frequency*  Of  mors  practical 
interest  are  the  indexings  *22)  and  o degress,  whs  re  the  l&rgsst 

(absolute  values)  optimum  frequencies  were  3t>ta?_3ad.  It  m evaaent  tnat 
thzrs  prsfoisri  es,  oa  ths  basis  of  penetrating  ability,  for 

the  6 degree  Index  angle.. 

The  results  illustrated  in  Fig.  10  have  now  been  substantiated  by 
tests  with  105aa  liners  (10)  that  arc  approximate  scaled  models  of  the 

liiKirs  used  in  the  original  teats-  The  results  of  the  larger  seals 
tents  ara  compared  in  Mg.  11  with  the  original}  the  close  agreement 
between,  the  two  sots  of  observations  in  evident* 
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Number  of  Flutes 


Fig.  9 Correlation  of  f (n)  - yo  R with  number  of  flutes 

for  both  C.T.T.  and  Firestone  data.  This  is  a modification 
of  the  correlation  function  Y0  Jp  r2  ujed  by  Winn.  The 
interesting  feature  la  that  a considerable  variety  of  flute 
depths,  number*  of  flutes,  and  wall  thicknesses  are  covered 
by  the  correlation.  This  indicates  that  the  functiui  doao 
really  depend,  to  a reasonably  good  approximation,  only  ea 
the  number  of  flutee.  The  similarities  of  the  two  corves 
are  evident „ espoolally  as  regards  location  of  maximum  and 
Minimum  values,  and  the  null  value  of  the  function.  The 

dissimilarities  are  also  of  interest  _i. . thay  w«- 

sumably  character! atio  of  the  different  flute  designs ■ 

The  existence  of  euch  a correlation  supports  the  conclu- 
sions drtwi  from  individual  expsriissnts  concerning  depend- 
ence of  optimum  frequency  on  the  various  individual 
parameters  of  design. 
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Carnegie  Inet.  of  Tech. 
Type  III  Flutes,  57mm 

a - 0.051* 

Jin  0.018 

n ■ 16 
D ■ 1;63  in. 


Curve  B 

(Penetration) 


Index  Angle  (deg.) 


— Curve  A 
(Optima  Frequency) 


Fig.  10  Venation  of  optima  frequency  (Curve  A)  end  of  penetration  at  cptisua 
frequency  for  a specific  group  of  liners  with  Type  III  flutes.  Sketches 
illustrate  appearance  of  liner  profiles  for  several  index  angles.  Varia- 
tions in  penetration  are  due  to  varied  degrees  of  necking  of  the  flute 
profile.  Sketches  illustrate  change  in  flute  contour  with  varying  index 
angle. 
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FI*.  U Comparison  of  Fireetoass  teste  rdth  lD$mn  liners  having  Class  III  flutes  with 
results  ou  STsst  liner n,  Coordinate  axes  are  nom&ilsed  to  psmit  combina- 
tion of  data.  Since  the  two  sets  of  liners  and  charges  were  net  accurate 
scaled  Models,  exact  quantitative  agreesent  is  not  to  be  expeoted.  The 
dose  qualitative  similarity  substantiates  the  original  C.Ie?e  observation!! s 
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Fig,',  lit  Oowp*rlao*i  nf  epilnun  fraqwooftloa  at  Into*  nnglaa  obiulnad  with  i 

linwra  of  0,iHO  In.  mil  thlokooa#  and  with  0.01,5  In.  w*U  thioknaaa,  Tha 
•Kt«rl»*iUi  point#  rwproaonting  tl»  thlokar  llnarn  am  tantalAv*  and  auM*flt 
to  alight  oha^gwr;  ponding  twopxaiiun  of  gauging  anAlyaia*  4 
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*i§,  1 't  C-ttwosa'iwon  of  optimun  frequotjol**  ac  v.u’Igus  Indax  aagj.ta  for  thrsa  flvfc* 
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k brief  series  of  teats  has  also  been  completed  with  linor?  formed 
with  the  same  dies  used  in  the  experiment  Illustrated  in  Fig.  10,  but 
with  liners  of  approximately  $0%  greater  vail  thickness  (0.063  in. 
Instead  of  0.0U5  in.)*  lie  results  are  compared  in  Fig.  12  with  those 
of  the  original  tests.  While  tbs  genr  al  features  of  the  two  sets  of 
observations  are  very  similar,  there  is  sent,  evidence  that  the  ratio 
of  the  optimum  frequencies  obtained  with  the  two  different  wall  thick" 
nesses  varies  with  the  index  angle  and  that  the  indexing  at  which  aero 
compensation  is  observed  may  also  depend *upon  wall  thickness.  If  these 
indications  ere  substantiated  by  further  tests,  it  will  mean  that  the 
behavior  of  typ*1  III  flutes  cannot  be  reduced  to  simple  empirical  re- 
lations like  those  described  above  for  the  simpler  designs. 

## 

Still  a third  set  of  experiments  are  illustrated  in  Fig.  13.  In 
there  teste,  the  vail  thickness  of  the  liners  was  the  same  as  that  used 
in  the  original  tests  (i.e.,  Q.0ii5>  in.)  but  tvo  different  flute  depths 
vers  used,  one  shallower  and  one  deeper  than  in  the  original  series. 
Both  sets  of  observations  exhibit  general  features  similar  to  those  of 
the  first  tests,  although  there  is  some  unsubstantiated  evidence  of 
variations  in  tbs  indexing  that  produces  aero  compensation  and  of  a 
non-linear  relation  between  optimum  frequency  and  flute  depth  for  a 
given  index  angle. 

( 

The  feet  that  the  behavior  of  Type  III  flutes  is  even  more  compli- 
cated tiwn  that  of.  the  four  types  formed  with  single  dies  should  not  be 
surprising.  Variations  In  the  additional  variable,  6,  produce  complex 
chamgea  in  the  geometry  cf  the  liner,  and,  consequently,  in  the  shook 
. Interactions  that  affect  spin  compensation.  The  very  considerable 
technical  advantages  of  the  Type  IV  flute,  which  are  discussed  mare 
fully  later,  more  than  recompense  for  their  more  complex  behavior. 

The  fluting  of  a liner  can  also  affect  itu  potential  penetrating 
power  quite  drastically.  Sven  though  the  impulses  involved  in  com- 
pensation at  spin  rates  attained  thus  far  are  too  small  to  appreciably 
effect  the  basic  character  of  the  cone  collapse  or  of  the  jet  formed 
(l.e.,  specifically,  one  dose  not  expect  an  appreciable  change  in  the 
distribution  of  energy  in  the  jet),  it  is  quite  evident  from  both 
Firestone  and  G.I.T.  experiments  that  mechanical  strength  effects 
gsvsra  to  a very  large  degree  the  depth  of  penetration  obtained  at 
optimm  fre<#*eaoy.  This  ii  to  be  expected  of  liners  having  linear  - 
flutes  (i.e.,  p = constant  along  the  flute),  since  all  theoretical 

and  experimental  evidence  indicates  that  the  ideal  flute  is  far  fro® 
i linear  - — mv  other  naj>>idasl  flute,  the  various 

wi  poriiSn  cf  tha  data  uaad  will  be  found  iu  x'SfvA'SS CS  21.  Ij.tr? 
fflKMdaslsr  hsva  not  been  imported  at  the  tiau  of  writing, 
yrst  reported  at  tfe**  of  writing. 
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elements  of  ths  liner  tend  to  compensate  at  different  frequencies  rather 
than  at  a common  frequency  of  rotation.  So  long  as  the  natural  frequencies 
of  adjoining  elements  are  not  too  different,  or  so  long  as  the  liner  vail 
is  sufficiently  strong  to  resist  the  tendency  for  relative  rotation  of  the 
elements,  this  causes  no  serious  difficulty*  But  if  the  liner  is  badly 
necked  in  the  fluting,  the  strains  set  up  by  such  a situation  cause  the 
liner  to  rupture  instead  of  collapsing  coherently  and  forming  a jet. 

Theory,  however,  cannot  be  made  to  yield  a usable  design.  The  task  of 
determining  the  ideal  form  of  a/ft  as  a function  of  position  on  the  liner 
aust  for  the  present  be  an  empirical  one  and  has  been  undertaken,  but  no 
reportable  results  are  available  as  yet* 

The  experimental  evidence  of  deterioration  in  penetration  due  to 
mechanical  strength  effects  is  best  illustrated  by  means  of  correlations 
between  the  depth  of  penetration  at  optimum  frequency  and  the  minimum 
thickness  of  the  vail  of  the  fluted  liner.  (Usually  the  minimum  thick- 
ness is  found  near  the  base  of  the  flute,  where  necking  occurs).  Fig.  11* 
shows  plots  for  both  C.I*T«  and  Firestone  data  (6)  of  correlations 
between  the  maximum  penetration  observed  and  the  minimum  wall  thickness. 

It  is  evident  that  there  is  a critical  value  of  the  minimum  vail  thickness. 
When  the  thickness  falls  belov  this  value,  the  penetration  falls  off  very 
rapidly  with  decreasing  thickness.  There  is,  of  course,  a secondary 
correlation  between  flute  depth  and  maximum  penetration  for  any  homologous 
series  of  cones,  because  increasing  flute  depth  inevitably  produces  more 
pronounced  necking  of  the  liner  vail  and  decreases  the  minimum  vail  thick- 
ness. Analysis  shove  that  the  primary  correlation  is  that  with  minimum 
vail  thickness,  however* 

One  of  the  most  Interesting  observations  of  this  sort  has  been  made 
in  connection  with  the  indexing  tests  described  earlier.  If  the  two 
curves,  Py  versus  6 and  v0  versus  6,  shown  in  Fig.  10  are  used  to 
o 

eliminate  6,  the  plot  of  P versus  vrt  shown  in  Fig.  15  is  obtained. 

V O i 

Such  a correlation  is  of  practical  interest  although,  as  pointed  cut 
above,  it  does  not  represent  any  fundamental  relationship  (these  same 
liners  are  included  in  the  goiieral  correlation  between  Py  and  minimum 

o 

wtll  thickness  shown  in  Fig,  lU).  Fig,  15  shows  that  for  Type  III  flutes, 
within  the  limits  of  optimum  frequency  fixed  by  tbs  values  of  -a,  X,  n, 
etc.  used,  one  can  obtain  a given  magnitude  of  optimum  frequency  by  four 
different  indexings.  But,  because  the  different  indexings  result  in 
different  degrees  of  necking  in  the  liner  wall,  different  penetrations 
are  obtained,  that  there  is  a clearly  optimum  choice  of  indexing  for 
overall  performance  . 

«C«ution  must  be  used  in  generalising  from  Fig.  15.  It  applies  only  to  a 
specific  group  of  liners  and  does  not  in  any  way  represent  limitations 
on  either  the  optimum  frequency  or  the  depth  of  penetration  that  can  be 
obtained  with  other  designs. 
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Fii,  11*  GorrtlaU**  biftwoaA  ipMuttratloa  oHliwJ  *1.  optlww  l‘ro<v>*rwy  of  rotation  »nd  th* 
■laiau*  wall  thlaknaaa  Mtit*.  i rluta  pix/lla.  'fto  ebawTad  fHwutrat tons  hr* • 
Ji*l«Ss4  *y  th*  j**>n*tritt©wi  etetaljrvnd  fra*  eytlim  ■oooth  'iin#r«  fira*  atatiaally.  Th* 
ltrf*  tnAa  plot  of  o*t»t»  d*5t«  oo  th*  HanT'SHow  * groat  M&\  of  roattor  hot  a oor- 
wlilint.  ft  Itao  \vm*  m*w4  that  oil  thraa  lypn  of  fluta*  JUMdnaiad 
•Hu*  r-iittmMbX?  trwrttd  u «.  avaUrbloal  population  in  ttalo  tmtaiM.  &; 

tto*  right.  Ihrf  Ool.S,  >*rfrl*bi«l  ilin*  la  *hCY»;  with  tlva  <7«Mrtlnaina  of  n>***ton* 
ufcta.  ftxu  ogroaMMt  1*»  m *m«4  as  cw  he  «p*oV*i  In  Tiffs  ->?  th*  gftattor  of  Mm> 
C.X.T,  data  and  ths  relative  wi*rmty  of  rirtctrr*»  t'lt.ia,  it  is  ttagting  to  nnn/ilud* 
aii  f'm-r  t.jrjxra  of  fVct=s  fill: A:  th-  ■*“«•«  oonwigtton,  and  that  11 near  tooling 
1*hw  bold.  (I*0  Indistfeaa  Ut*  vrtvags  jffswtraviw*  *•?  ~w,  baat  ivailstls  ws^-th 
lisara  of  «wH  oim.j 
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t*t.l*u*  tntation*!  Fmiu«iMjr  f,r.p,a.) 


Ft*.  IS  Oorraletiwi  between  at  outlaw  frafjuanoy  and 

t4w  optlewa  frequency  ot  ratetlun  far  a partloulw  group  of 
llnera  having  T/}.s  111  flu?'..!,  the  Itide*  anp\*  being  varied, 

For  any  {abaolute  regnituda)  f requanny  up  to  i >‘0  r.p.a.,  an;) 

<wa  of  four  index  ang.taa  can  be  uaad,  Only  the  on*  having 
tie  greateat  ntniaUH  Hall  thluknea*  la  of  pvaotioal  InUtfNMt, 
toww,  baaauee  !♦  yield#  better  penetration  than  the  either  a. 
fonaequenlly.,  only  thoa*  l.ir.are  correapondintf  14*  upper 
loft  branch  of  the  above  plot  (l|*  /*  (\  d*gr*n»e)  are  of 
intareat.  aijwit  U*m*e  ot  ihl*  itarlaa  follow  the  oorrelatieo 
of  Ha*  10,  It  la  noaaible  to  predial,  within  limit#,  the  range' 
of  index  aagla*  that  i\r*  of  interest  in  a avries  of  thia  itort» 
xne  ran*#  will*  of  ,'oi'TSs,  depend  on  tha  epooiflo  valuea  of  h, 

/!  A « n^, 
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ghila  ocsproreisas  between  wall  thickness  ud  flute  depth  can 
tsspsrnrily  provide  suitable  cat  ibinatdons  of  optimum  frequency  and 
aaxinu*  penetration,  the  ultimate  solution  is  to  eliminate  the 
influence  of  mechanical  strength  effects  by  use  of  appropriate  non- 
linear flutes. 

MlaegHageena  Observation*  Pertinent  to  fluted  Liners 

(i)  Fluted  steel  liners  (18)  and  fluted  aluminum  liners  (8)  hare 
been  tested  by  C.I.T.  and  Fire  at  on*,  respectively.  Neither 
showed  any  spin-compensation  benefit  to  offset  the  intrinsi- 
cally poorer  penetration  by  steel  and  aluminum  jets* 

(il)  Fluted  trumpets  have  been  tested  briefly  bar  E.R.L.  (2)  and 
C.I.T.  (ll),  but  showed  no  advantage  over  fluted  cones  as  far 
as  the  tests  were  carried.  They  are  considerably  more 
difficult  to  manufacture,  so  that  no  further  tests  are 
planned  unless  experiments  with  smooth  trumpets  giro  evidence 
of  name  presently  unknown  advantage. 

(iil)  Spiral,  flutes  were  first  tested  by  S.R.L.  (2)  and  more 

reoently  by  Firestone  (?)•  No  detectable  advantage  over 
straight  flutes  has  been  observed.  It  is  entirely  possible, 
however,  that  spiral  flutes  of  mailer  pitch  than  have  been 
used  might  afford  considerable  benefits  (See  Chapter H). 
Theoretically,  it  is  possible  to  reverse  the  direction  of 
the  transport  effect  by  using  a tight  enough  flute  spiral, 
and  make  it  reinforce  rather  than  compete  with  the  thick- 
thin  effect.  Aoouratf  spiral  flutes  are  more  difficult 
to  manufacture,  but  not  exorbitantly  ooj  the  benefits 
derived  m ay  well  be  worth  the  extra  effort  involved. 

(iv)  Symmetrical  flutes  here  been  tested  by  C.I.T.  with  no 

significant  results  except  to  substantiate  the  dependence 
of  penetration  on  min  imam  wall  thickness  for  fluted  cones. 

' (v)  Special  liners  to  which  Thomas’  theory  (U)  can  be  applied 
have  been  obtained  by  C.I.T.,  but  are  not  of  efficiently 
bigb  qpality  to  justify  testing.  They  have  sine-wave  flutes 
with  wall  thickness  varying  in  an  imiypestrlc  manner  (16), 
aad  eve  extremely  difficult  to  manufacture  to  does  toler- 
ances. They  are  of  purely  academic  interest  at  present. 

Variability  in  Performance  of  Fluted  liters  and  Tolerances  Repaired 

Exhaustive  gauging  data  have  been  obtained  by  both  Firestone  and 
C„I.T*  cm  all  fluted  liners  tested  except  the  earliest  lots.  C.I.T. 
has  developed  and  built  a special  transducer  gauge  (15)  for  the 

psiysss,  which  gives  very  -•siureRast-s  axi  permnest^ 

records  of  ill  ms&sursmontsi  wo  statistical  tests  have  been  made  as 
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jTsi  with  any  kiwi  of  fluted  liner,  hc“*i*Pj  sine*  only  aranil  numbers 
ar-a  abtrinnd,  in  general,  and  all  are  needed  to  determine  relatione 
between  per.strattnn  j.iyj  spin  frequency.  Conclusions  comstmiing 
tolerances  ami  their  afloat  oa  perf^tYjiiuiee  saiet  be  drawn  froa  a 
qualitative  eurvay  of  observation!  on  many  loce  ul  3 Inara. 

TLs  aoi3u»ul(i.t«d  data  Luuloauk  that,  for  the  lyrp*#  of  liner* 
tested  bo  dab#  by  C.I.T.  nnd  Firestone,  variations  of  the  wagaitudr 
given  bel^w  yield  perform utoe  that  1»  not  appreciably  more  erratio 
then  that  of  equivalent  smooth  ilnerei 


Paras  ie  ter 

PemtsvlUle 

!TM 

Tuleruwes  (HomlUanuJ 
lOSaaa 

a 

♦ 0.001  in. 

♦ 0,0*. >2  in. 

fA  a 

? 0,00?  iu. 

* 0,001*  la. 

>4oV» 

7 1$  aim  tee 

♦ 2 degrees 

♦ 1^  minute  a 

T 1$  Kim  tea 

♦ 2 decrees 

♦ 15  aim  tea 

*'Bu* si  UI*e  subtend. “1  * t t>»  **1a  tvf  each  fin 1 1 » 

tu*  WUrano-fl  *10 tod  are  Sivnewhal  conservative.  (gate  respectable 
perforeumo*  otssld  b«  «rs>ec*.  *d  with  aaaewhet  more  liberal  figures.  3a 
tie  eaae  of  the  $7mm  cone*.  empeetaHy  JU  the  early  teste,  "o.  vartationw 
in  test  piotiiei  have  Item  euoh  larger  then  the  bolermnuee  given.  There 
eeeaw  m ffetaom,  h.wnvar,  why  reasonably  oareful  technique ■ ahguld  not 
otpeMii  <«p  prvn>idiMf  pleoe*  well  within  Ute  specif  ioatlma  , 

Tm  shapea  of  the  flutes  mist  alto  be  oonsleUnt,  of  oouree, 
although  It  It  difficult  to  give  quantitative  toleranods  for  shape. 

Other  parMietera  tboalA  ha  kept  to  the  name  tolerances  that.  h«ve  been 
established  for  smooth  1 inert. 

One  of  the  ;hiel‘  obstacles  In  early  resemroh  on  eoin-cw.penaatlon 
was  the  proourewent  of  suitable  teat  plecas.  The  difficulties  now  »,iv* 
\i««n  very  larjpiy  srrercuwe,  alliiuiigh  wanufaoiur»ri«i  undertaking  tin*  Uek 
cf  pvoiucli..^  fist*?.  iir.sr?  for  #tr*b  t.i**  still  oooel  :uee  experience 
recurrence  of  ills?  old  ‘‘roubles. 


iWar  detailed’  dasoi  iptlon  of  "war  lability  or  several  Twcific  lore  of 
«.7ws  liners,  sas  “E&iatad  Charges",  Crr-omhJi22  until  0rMHfi>-*i23.  Wrm- 
■tuna  reports  tuwe  included  detailed  flute  depth  measurementm  on  neorly 
all  liners  tented. 
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Bis  only  significant  method  of  manufacture  used  to  date  is  pressing# 
Firestone  has  made  extensive  use  of  machined  liners  of  Type  17  design, 
which  as**  entirelly  satisfactory  for  laboratory  purposes,  for  that  one 
design  only*  The  method  is  entirely  uiisuited  to  quant ity  production* 

Die  o as  ting  has  been  considered  many  times  , but  thus  far  appears  unlikely 
to  yield  pieces  of  adequate  homogeneity  or  dimensional  stability.  It 
is  Improbable  that  die  casting  could  compete  with  pressing  on  an  econom- 
ical basis,  in  any  event*  Hectrodeposition  of  liners  with  flutes  has 
also  been  considered;,  but  never  been  attempted.  1..«re  is  little  chance 
that  each  a procedure  would  be  competitive  either  economically  cr  in 
quality  of  product* 

The  first  step  in  any  of  the  manufacturing  p-  ^ceases  is  the  machL  * 
ing  of  a fin  ted  punch  (male  die).  This  has  been  done,  in  cases  where 
flat  canted  surfaoe*  were  tolerable,  by  simply  machining  the  flutes 
directly  into  the  punch  with  a milling  machine.  The  more  common  pro- 
cedure, which  is  necessary  in  producing  the  more  desirable  canted  sur- 
faces in  the  form  of  arcs,  is  to  form  a scaled -up  replica  of  a single 
flute  by  milling,  and  then  duplicating  that  profile  o.a  a smaller  scale, 
aiy  desired  number  of  ti-ses  (depending  on  the  number  of  flutes  spec- 
ified) on  a blank  punch  by  means  of  a pantograph  milling  machine.  For 
flutes  whose  depth  is  a linear  function  of  liner  radius,  a simple  two- 
dimensional  template  serves  as  an  adequate  template  * For  non-linear 
flutes,  a three-dimensional  replica  is  necessary,  the  National  Bureau 
of  Standards  has  developed  a beautiful  automatic  guide  arrangement  for 
a pantograph  machine,  in  which  a two-dimensional  template  can  ba  made 
to  serve  for  cither  linear  or  non-linear  flute*. 

Host  of  the  commercial  supplier*  of  fluted  liners  have  used 
matching  fluted  dice,  the  female  being  hobbed  from  a fluted  punch.  The 
chief  requirement  for  producing  good  pieces  in  this  manner  is  an  intimate 
k£g**ledgs  of  techniques  for  making  accurate  dies,  heat-treating  to 
obtain  maximum  die  strength,  accurately  controlled  nobbing,  and  good 
technique  in  forming  liners  tinder  conditions  that  produce  unusually  large 
stresses  in  the  dies.  In  using  matched  male  and  female  dies  to  form 
' type  XU  flutes,  provision  must  also  be  made  for  accurate  control  of  the 
indexing  of  the  dies*  Type  17  flutes  are  formed  between  a fluted  female 
die  and  a smooth  metal  punch,  type  V between  a smooth  female  and  a 
fluted  punch.  It  hae  been  found  highly  desireble  to  use  loads  of  the 
order-  of  U00  tone  in  forming  57mm  liners  and  of  the  order  of  500  ton® 
for  105mm  liners  by  this  method.  A relatively  slew  pressure  application 
and  a brief  "dwell*  at  peak  pres  sure  (of  the  order  of  1*0  to  60  second* 
IvWU/  jig—  SjLSO  l/VWQH  found  desirable  is  order  to  reduce  elastic  recovery 
of  whs  liner  sstal  and  assure  accurate  reproduction  of  the  flutes. 

Ihie  technique  requires  use  of  a hydraulic  press,  but  the  pro ossa  can 
t>»  cuano/uersoly  i-^ruteu  uy  using  aouuaaiCku.  presses  and  engineering 
th®  dies  to  sjllew  for  a certain  amount  or  elastic  recovery.  Annealing 
of  the  blanks  prior  to  forming  would  bo  desirable  under  these  circura- 
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Firms  fluid  AkuucIsm  thflt  have  usoU  thic  mothod  of  x&iYufacttira 
include * 


Frankfort!  Arsenal 
dr  Ado  a burg  Station 
Philadelphia,  Penna, 

Uaatdn^rniHn  Flnctric  Corporation 

Bant  Pittsburgh, 
rcnnaylvania 

The  Pally  Die  i Mold  Ccm^any 
2900  Brad wall  Avenue 
Cleveland  9,  Ohio 

Mae on,  Shaver  4 Riloadwa 
Fifth  Avenue  £ Conjpraiii  Street 
East  HoICeeapert,  Fauna. 

Baa tarn  Tool  & Manufacturing  Company 
1 Nofitgwery  Street 

l*«,  Haw  Je*a«yr 


Tbe  court  of  a ddpplat*  aat  of  dlt»  to  f*r*  l£pe  ITT  fl  u taw  haa  uaua?'; 
been*  of  ilia  ordar  of  11000  Co*'  $7m  Unara  and  11200  for  IDJta*  Hnert. 
She  r,v4jt  is  laaa,  tit  eswran,  for  T^pa  Xf  and  considerably  iJtf  for 
Typa  ? flu tea. 


Tl\a  Typj  X and  Type  XX  fir,  to  a ara  cads  bj  a atath;<1  duvelapad  at 
tha  National  Bureau  of  SUndarda*  Xnataad  of  using  two  natal  dlaa, 

In  thla  prooaaa  on*  (aaooth)  die  la  flttad  with  a coni sal  rubbar  pad* 
Tha  blank  linar  ia  than  preeaad  batwaan  a flutad  tool  and  ita  rubber 
pnrfriad  taate.  Aaoauaa  tha  F.ureau  of  Standarda  did  not.  havi  « h' ary 
praat  at  tha  tina  thla  work  waa  Uin*  done,  all  flutaa  of  thia  type 
war#  fonaao  at  load*  of  only  7?  to  100  too*.  Aa  a result, area  tha 
■Ida  of  tha  linar  formed  by  tha  motal  die  did  not.  oqnfora  wcnetly 
to  tha  diaj  tha  aids  tow<uti  tha  rubber  nad  waa  alwaya  formed  with 
very  rounded  flutes,  of  course.  Although  this  prooana  waa 
ultimately  developed  to  tha  point  where  aa.tiafaotory  reproducibility 
eculd  bo  obtained,  on  a laboratory  aoala  of  production,  it  aeame 
definitely  uneuited  to  rsaaa  production.  Tito  Ccnin  Laboratory  of 
Brooklyn  1®  the  only  cctmojuial  suppi.Ur  to  use  thla  method. 


‘iba  Bureau  of  Standawla  also  davaiJoped  a procedure  for  making 
fluted  fanale  diaa  without  bobbing  that.  may  he  of  nmaidarabV 
potential  importance,,  Tie  technique  consisted  of  ale  circa, epon  Hfrig 
■ oobai  t-T^phosphcTOU*  alloy  <*n  * flut.«d  punch t very  accurate  raplicaa 
wart'  obtained  in  this  wanner,  Tha  cotoalt-phosphoroua  die  wan  then 
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Laboratory  used  this  name  procedure  and  applied  loads  of  360  tons  to 
the  dies  without  damage * The  technique  is  more  expensive  than  bobbing, 
end  could  be  used  by  fewer  suppliers,  but  sight  be  useful  in  cases 
where  extreme  die  precision  is  required* 

Weans  of  flpin-Coapeaaatioa  other  than  Hated  Liners 

(i)  The  use  of  spiral  detonation  guide*  (variously  called 
"lawmovers"  and  "spiral  staircases")  to  guide  the 
detonation  wave  in  sections  along  separate  spiral  paths 
have  been  tested  by  Firestone  (5)  end  C*I»T.  The 
technique  introduces  a component  of  impulse  in  the  approp- 
riate direction  for  spin- compensation.  Experiments 
iadioate  that  the  principle  operates  as  exacted  bat  that 
the  options  frequencies  attainable  without,  excessive  lost 
of  penetrating  power  are  relatively  low. 

(11)  A technique  of  fluting  the  explosive  adjacent  to  a smooth 
liner  has  been  tested  by  C.I.T.  (lb)  The  flu  tings  were 
similar  tc  those  ordinarily  used  on  the  liner.  Spin-com- 
pensation was  observed,  as  expected,  but  the  Drocedur®  seams 
unlikely  to  afford  as  great  benefits  as  fluted  liners. 

(iii)  Tery  recently.  Firestone  has  carried  out  a series  of -tests 
*ith  smooth  liners  made  ly  a " ah* ar- forming*  process  . The 
liners  wore  very  well  mads  insofar  as  dimensional  character- 
istics are  concerned,  and  the  charges  were  of  standard 
design.  The  shear  forming  process,  however,  tends  to  produce 
spiral  deformations  of  the  liner,  even  though  they  say  be 
invisible  to  superficial  inspection.  The  deformation*  may  be 
manifested  in  the  final  product  by  asymmetric  variations  in 
density,. aetallm’gioal  properties,  or  dimensions.  Liners 
*7  process  had  previously  been  tested  statically 
at  H.R.L.  and  found  to  perform  poorly)  these  results  had 
prompted  an  analysis  by  Pugh  (25)  that  may  have  some  bearing 
ca  the  Firestone  results. 

Firestone  fired  shear-formed  liners  of  90mm  sloe  at  several 
different  spin  rates,  obtaining  the  penetration  depth  versus  freqioncy 
plot  shown  in  Fig.  iu.  The  liners  showed  a definite  and,  for  liners 
of  the  else,  fairly  large  optimum  frequency . The  tendency  of  these 
■m-mSts  tc  compensate  ior  soli.  is  presumably  to  tbs  aiysKaati-iss 
caused  oy  x*js  aethsd  of  auurnf aoturs . Kudu  acre  experinental  work  suit 
— d — “ —for*  t b*  nractJe*!  sianifica.ee*  of  this  observation  can  be 
evaluated . 


* Forty' TUlst)  Progress  Report  of  the  Firestone  lire  and  Rubber  Co., 

on  BAT.  Project,  Contract  Nob.  BA-33-019-QRD-33  and  DA-33-01 9-CRD  1202. 
1953.  OT. 
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Conclusions*  Future  Prospects  jn  Spin  Compensation 

The  only  important  development  to  date  In  the  field  of  spin- com. 
ptnaation  it  the  fluted  liner*  The  other  techniques  described  above 
have  been  only  cursorily  investigated  by  experiment,  but  theoretical 
considerations  give  no  hope  that  they  would  provide  less  complicated 
or  sore  practical  solutions  to  the  problem*  For  the  present,  it 
m*»i  best  to  concentrate  on  the  fluted  liner  and  continue  its  develop- 
ment. 


So  far  as  fluted  liners  are  concerned,  there  is  as  yet  no  evidence 

of  aay  benefit  to  be  gained  by  using  materials  other  than  copper  or 
(dupes  other  than  conical.  Tbits  with  a great  -aristy  of  smooth  linerr 
(including  cylinders  and  truapsts)  and  with  various  types  of  detonation 
wave  shaping  are  being  carried  out  in  connection  with  fundamental 
studies  at  nearly  all  of  the  Interested  laboratories  and  the  results 
inspected  for  any  possible  advantages  in  spin  compensation*  Until  some 
evidence  of  a potential  benefit  is  found,  there  is  little  profit  to 
be  gained  by  extensive  experiments  with  varied  types  of  fluted  liners. 

Of  the  various  t^pes  of  flute  tested,  the  type  in,  formed  between 
..etching  metal  dies,  affords  the  greatest  promise  for  practical  application 
Types  I and  11  have  exhibited  no  real  advantages  in  the  form  of  higher 
optimum  frecjiency  or  better  penetration  and  have  a very  grave  disadvant- 
age for  application  in  that  the  shape  of  the  liner  surface  adjacent  to 
the  padded  die  is  not  controllable.  This  makes  it  very  difficult  to 
design  liners  for  a specific  optimum  frequency  and  at  the  same  tlas 
tends  to  increase  variability  of  performance. 

Type  If  flutes  do  not  involve  the  lack  of  control  in  manufacture 
and  have  been  ueed  to  very  good  advantage  by  Firestone  in  developing 
a highly  satisfactory  liner  for  slew-spin  105mm  rounds.  ‘ They  lack  the 
versatility  and  potential  benefits  of  T^pe  in,  however.  The  possibil- 
ity of  indexing  Type  IH  flutes  makes  available  greater  flute  depths 
without  excessive  necking  of  the  liner  (and  consequent  decrease  in 
penetration;  ssd  without  using  heavier  blanks  (with  the  attendant  drop 
in  optimum  frequency).  The  Type  III  flute  has  a very  considerable 
advantage  that  is  peculiar  to  it  alone  in  that  the  optimum  frequency  of 
liners  produced  with  a given  pair  of  dies  can  be  adjusted  over  a vide 
rsage  by  merely  altering  the  indexing,  Tfeus,  the  designer  and  the 
manufacturer  are  relieved  of  the  necessity  of  designing  and  making  dies 
that  will  yield  exactly  the  desired  optiana  spin  rate.  Type  7 liners 
appear  to  have  only  academic  interest,  but  are  important  in  that  respect 
for  the  opportunity  they  afford  of  better  understanding  of  the  spln- 

Ov«i;junsaviuu  prOCo--  » 

The  determination  of  the  proper  variation  of  flute  depth  with 
position  to  have  all  elements  of  the  liaer  compensate  at  the  same  spin 
rate  is  the  most  important  preblom  at  present*  Th#  linear  flute  used 
thus  far  is  adequate  fer  57ks  HE&t  at  present  pt-ansard  spin  r&tes 
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(about  210  r.p.s. ) and  for  10;>nsa  HEAT  alow  spin  shaJJLa  (to  at  least 
$0  **• p.a.).  %•  optima  frequency  attainable  with  linear  flutes  ssj 

be  pushed  considerably  above  -the  present  limits,  bpt  there  seeas  no 
hope  uT  achieving  the  high  spin  rates  contemplated,  in  proposed  wall 
calibre  rounds  (up  to  1200  r.p.s. ) or  even  the  present  standard  spin 
for  large  calibre  rounds  without  using  non-linear  flutes.  The  tfcaory 
of  spin  compensation  in  its  present  state  is  of  only  nominal  hslp  in 
this  problmi.  The  means  of  obtaining  an  engjiricai  determination  are 
at  hand,  however,  and  the  task  has  been  started  at  C.I.T.  There  is 
no  svidsnoe  as  yet  of  s ay  essential  upper  limit  to  the  frequency  at 
which  spin-compensation  can  be  achieved,  but  there  are  obvious 
difficulties  ahead. 


For  standard  email  calibre  weapons  (57mm  and  probably  75*0  there 
is  little  room  for  argument  concerning  the  beet  method  of  eliminating 
splm«4e gradation.  Designs  are  already  available  and  tested  for  fluted 
liners  that  will  provide  performance  at  the  standard  spin-rate  of  the 
57Ha  H.SJL.T.  round  essentially  equal  to  that  obtained  with  ssooth 
liners  fired  statically.  The  development  of  a comparable  liner  for 
75em  rounds  should  be  relatively  siaqple.  There  is  no  comparison  so 
far  as  sisqplicity  and  low-cost  of  application  are  concerned  between 
fluted  liners  and  the  other  methods  available. 

For  larger  weapons  (90am,  105**,  and  larger),  the  situation  is 
<*iite  different.  In  the  special  case  of  the  105ma  B.A.T.  weapon. 
Firestone  has  found  the  slew-spin  T-138  round  with  a fluted  liner  to 
be  the  best  solution.  Static,  smooth  cone  performance  is  obtained  at 
spin  rates  up  to  about  60  r p • s . with  available  fluted  liner  designs, 
sad  shells  have  been  designed  that  afford  sufficient  accuracy  at  spin 
rato a below  60  r.p.s.  The  design  is  not  a satisfactory  solution  to 
the  general  problem,  however,  because  it  requires  a special  rifle.  It 
is  necessary  to  find  a shall  design  that  can  be  fired  from  guns 
currently  in  the  field  or  in  production. 

There  are  three  alternative,  exterior  ballistic  solutions  to  the 
problem  under  consideration.  The  concept  of  using  peripheral  jet 

gs  on  tbs  shell  to  stop  its  spin  bofors  the  target  is  reached 
has  not  yet  been  adequately  tested.  Firestone,  in  conjunction  with 
Pice tinny  Arsenal,  has  some  tests  planned,  but  computations  of  the 
torque  needed  offer  little  hone  that  this  method  practice1 


The  use  of  boaring-mounted  charges  that  permit  part  of  the  shell 
to  spin,  for  stability,  while  the  charge  itself  spine  only  slowly*  if 
at  all,  has  been  proven  practical  by  Firestone  aid  Fraakford  Arsenal 
and  by  Midwest  Research.  Two  designs  have  been  used  - one,  a tandem 
arrangsaient,  in  which  the  front  part  spins  5 the  other,  a concentric 
arrangement  in  which  the  cuter  shall  casing  spina  about  a,  relatively 
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slow-spinning  cor*  containing  tha  charge.  Either  design  seems  capable 
of  providing  charge  spin  rates  of  the  order  of  J>0  r.p.s.  or  lees  when 
fired  ffrcsi  currently  standard  rifles.  Clearly,  a fluted  liner  is 
needed  to  eaapenaate  for  even  those  low  spin  rates  in  large  shell*, 
and  it  lined  lately  becomes  critical  to  know  whether  the  spin  frequency 
of  the  charge  is  consistent* 

A ttnaber  of  laboratories,  both  Industrial  and  military  have  bean 
working  an  fln-stablllsed  rounds*  Both  long-bom  and  folding-fin  models 
have  been  deeiped  that  can  be  fired  from  standard  weapons  with  apparently 
satisfactory  accuracy*  Sven  these  have  a small  amount  of  spin  imparted 
to  thaa  (ordinarily  leas  than  30  r.p.s.)  to  improve  interior  ballistics, 
so  a fluted  com  might  be  desirable  for  large  calibre  sheila* 

A comparison  of  the  bearing-mounted  charge  with  the  fin-stabilized 
shells  la  very  difficult  at  present,  because  of  the  limited  experience 
with  bearing-mounted  projectiles,  it  seems  certain  that  they  must  weigh 
mors  than  a standard  spin  stabilised  projectile  of  similar  calibre  and 
that  the  concentric  deal  go  demands  the  us*  of  a smaller-than-namal 
liner*  It  is  not  at  all  certain,  however,  that  they  will  weigh  more  or 
be  more  costly  than  finned  rounds.  The  fin-stabilized  shells  involve 
8 case  complications  in  design  and  firing,  but  would  appear  to  offer 
the  better  solution  of  the  two  for  larger  calibre  rounds. 

It  seems  clear,  however,  that  any  technique  for  reducing  the  rate 
of  spin  of  the  charge  must  provide  only  an  interim  solution.  Once  a 
fluted  liner  can  be  designed  to  compensate  far  the  frequency  of  spin 
of  a standard  round  of  any  given  calibre,  it  immediately  provides  the 
moat  convenient  and  economical  solution  jo  spin-degradation  for  that 
calibre. 
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CHAPTER  IX 

DEFEAT  OF  SHAPED  CHARGE  WEAPONS 

R.  v.  Heine-Ge.  xtren 

Carnegie  Institute  of  Technology 
Pittsburgh,  Pennsylvania 


Abstract 


Of  all  possible  means  of  defeating  shaped  charges, 
the  most  promising  found  to  date  consists  of  a combina- 
tion of  glass  and  steel  armor.  The  glass  may  be  in  the 
form  of  plates,  blocks,  or  large  balls,  possibly  in 
conjunction  with  a suitable  shock  absorbing  material. 

This  means  of  protection  has  the  advantage  of  lew  density 
and  hence  low  over-all  weight,  in  addition  to  utilising 
the  abnormal  stopping  power  of  glass,  which  has  not  been 
approached  by  any  other  method  of  passive  defense. 

. Titanium  displays  abnormal  stopping  power  to  a much 
smaller  extent.  Recent  results  suggest  that  explosive 
pellets  or. -linear  shaped  charges  can  provide  a very  high 
degree  of  protection  undef  certain  circumstances,  but' 
these  last  two  methods  have  not  been  developed  to  the 
point  where  they  can  be  considered  practical. 

Introduction 


The  problem  of  protecting  military  vehicles  and  other  targets 
against  attack  by  shaped  charges  has  been  the  subject  of  two  recent 
papers  (l),  (2).  It  is  assumed  that  the  reader  has  access  to  these 
two  papers:  the  current  report  requires  some  familiarity  with  their 
contents.  Instead  of  starting  front  first  principles,  as  is  done  in 
references  1 and  2,  the  present  chapter  will  give  a brief  summary  of 
the  situation,  and  will  discuss  in  detail  the  few  methods  of  protection 
which  appear  most  practical  at  the  present  time.  In  addition,  an 
sitowp t will  be  aade  to  clarify  certain  principles  of  protection  which 
fire  frequently  misunderstood s 

The  scope  of  this  chapter  is  further  restricted  to  the  problem  of 
preventing  perforation  of  targets  that  are  hit  by  shaped  charges, 
neglecting  the  problems  of  increasing  maneuverability  to  reduce  the 
probability  of  a hit,  of  camouflaging  the  target,  or  of  designing  its 
interior  so  that  a perforation  will  cause  minimum  destruction* 


Weapons  other  than  shaped  charges  will  also  be  neglected,  but 
it  is  vory  likely  that  adequate  protaction  against  shaped  charges  will 
defeat  vinatic  energy  projectiles  as  well  as  squash-heads  of  compat- 
ible calibers. 
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Surrey  of  Possible  Protections 

It  ha*  Ions  been  customary  to  distinguish  between  rt/ictiveH  and 
"passive*  protection  (3).  The  first  type  Induces  malfunction  of  the 
charge  or  of  the  ensuing  jet.  The  second  simply  absorbs  the  kinetic 

energy  of  the  jet* 

Recent  efforts  on  active  protection  have  been  centered  around 
•pikes  (U),  explosive  pellets  (£>),  and  linear  shaped  charges  (6) 
mounted  on  the  outside  of  the  tank. 

In  the  case  of  spikes,  it  was  found  that  they  are  ineffective 
against  shaped  charge  projectiles  with  fast-acting  fuzes,  although 
they  had  been  quite  effective  against  the  World  War  II  weapons  with 
alow  fuses.  Explosive  pellets  and  linear  shaped  charges  are  capable 
of  spectacular  performance  against  attacking  weapons.  The  drawback 
at  the  moment  lies  In  the  faot  that  no  sensing  device  has  been  developed 
which  will  allow  them  to  function  only  when  required,  without  setting 
them  off  as  a result  of  small  arms  fire. 

Tbs  design  of  passive  protection  is  very  simple  in  principle, 
since  remarkably  accurate  predictions  regarding  the  stopping  power  of 
any  given  combination  of  materials  can  be  made  on  the  basis  of  residual 
penetration  theory  (see  below).  Before  considering  this  type  of  pro- 
tection in  detail,  it  is  desirable  to  examine  soms  of  the  pertinent 
Implications  of  this  theory  and  to  clarify-  certain  prevalent  mis- 
conceptions regarding  its  applicability. 

Cotents  on  Residual  Penetration  Theory 

The  hydrodynamic  nature  of  the  penetration  process  was  apparently 
first  recognised  by  the  S.R.L.  group  in  19i*3  (7)  and  was  subsequently 
refined  and  expressed  mathematically  by  Hill,  Mott,  and  Pack  (3)  in 
England  and  independently  by  Pugh  (9)  in  this  country  . Fro®  the  point 
of  view  of  protection,  one  of  tbs  most  important  consequences  of  this 
theory  is  given  by  the  "density  law" 


where  d?  is  the  penetration  In  material  x and  dP_  that  in  material 
* y 

y,  each  caused  by  a given  jet  elaaact  of  length  dl,  and  whore  p a ad 
?_  are  tha  densities  of  materials  x and  v.  z 

?isc9  this  las  is  correct  for  tha  fast  front  Qlsasnis  of  the  jet 
definitely  incorrect  for  tha  slow  rear  elements,  complete  predictions 
regarding  tha  performance  of  various  target  materials  (singly  or  in 
combinations)  could  not  be  made  until  the  residual  penetration  theory* 
was  developed  by  Pu^s  sad  Fireman  (10),  (11).  This  theory,  resssily 
©issarised  in  reference  1,  ie  very  important  for  the  titoie'prcbism 
protection.  A few  of  it s aspects  which  are  particularly 
.uvv;  “.ant  are  discussed  here  in  some  detail. 
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a.  Residual  penetration  theory  compares  the  stopping  pcs^ra  of 
two  Material*  by  using  equal  thicknesses  of  both,  the  thickness  to  be 
such  that  only  the  faster  parts  of  the  jet  will  be  absorbed  i«  the 
Materials  under  examination.  The  stopping  powers  of  the  materials 

are  expressed  In  terms  of  residual  penetrations  into  a standard  material, 
usually  mild  steel  or*  armor  plate.  This  method  is  adopted  in  order  to 
compensate  for  an  over-simplification  inherent  in  the  basic  theories  of 
references  8 aad  9.  These  theories  assume  that  the  entire  penetration 
process  is  of  hydrodynamic  character,  i.e.,  the  pressure  exerted  by 
the  jet  on  the  target  is  so  great  that  the  strength  of  the  target 
material  is  negligible  coopered  to  it.  While  this  is  nearly  true  for 
the  fast  moving  front  portion  of  the  jet,  it  is  not  true  for  the  much 
slower  moving  rear  portion. 

In  the  procedure  described  above,  the  two  materials  under  teat 
are  used  to  absorb  only  the  feat  portion  of  the  jet,  while  the  slow 
portion  is  absorbed  in  a single  standard  material  so  that  deviations 
from  the  hydrodynamic  density  lav  will  tend  to  cancel  out. 

b.  Residual  penetration  theory  makes  no  assumptions  regarding 
the  shape  of  the  penetration-standoff  curve  (Fig.  1)  for  the  charge 
under  consideration,  but  uses  the  experiman tally  determined  curve  to 
predict  the  stopping  powers  of  various  materials.  The  simple  density 
lav  expressed  la  equation  1 ia  frequently  visualised  in  the  integrated 

form  Pj ypj  -^>y/'px.  This  simple  Integration  is  justified  only  if  all 

the  jet  elements  have  the  same  high  velocity,  high  enough  so  that  the 
strengths  of  all  target  materials  may  be  neglected.  Even  then  the 
integration  would  be  exact  only  for  perfectly  aligned  jets.  Since  these 
two  conditions  are  never  satisfied  in  practice,  the  few  experiments  In 
which  P^/Py  was  observed  to  be  equal  to /Pj/px  must  be  considered 

accidental. 

To  illustrate  these  considerations  by  just  one  example,  consider 
the  comparison  between  a soft  aluminum  alloy  (such  as  2Sj  and  a hard  one 
(such  as  2I48?).  In  the  light  of  the  preceding  remarks  one  would  expect 
different  total  penetrations  into  the  tve  materials,  the  strong  21;ST 
alloy  exhibiting  the  higher  stopping  power.  When  the  comparison  between 
the  two  materials  ia  made  by  th«  method  outlined  above,  the  two  materials 
exhibit  nearly  equal  residual  penetrations  and  therefore  equal  stopping 
powers  against  the  fast  portion  of  the  jet. 

o«  The  conical  liners  used  in  carries  weapons  and  in  most 
laboratory  char  gas  have  apex  angles  in  the  neighborhood  of  1|5°*  The 
comments  ip acle  under  (a)  concerning  deviations  from  hydrodynamic 
theory,  and  hence  from  the  density  law,  become  even  more  pertinent  for 
liners  of  larger  apex  angles  such  as  the  DuPont  “Jet  Tappers*  with 
their  80®  cones.  In  general „ the  wider  the  cone  angle  the  slower  the 
1st  and  the  more  readily  target  strength  will  beccse  apparent.  When 
looV-t^  fev.  exceptional  from,  the  density  law  among  a number  of  materials, 

& wide-angle  cons  will  identify  the  exceptions  more  readily  than  a 
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narrow -angle  cone,  but  it  must  be  remembered  that  a material  which  shows 
considerable  "abnormal'*  stopping  power  (see  below)  against  slow  jets 
from  wide-angle  cones  may  display  very  little  of  it  against  fast  jets 

from  small -angle  cones. 

d.  Residual  penetration  theory  answers  the  frequently  raised 
question  regarding  the  effectiveness  of  spaced  armor  or  skirting  plates 
as  follows.  The  question  is  meaningless  unless  the  exact  position  of 
ths  skirting  plate  is  super-imposed  on  the  penetration-standoff  curve 
of  the  attacking  projectile.  If  the  projectile  detonates  at  less  than 
optimum  standoff,  then  the  air  space  between  skirting  plate  and  basic 
amor  may  actually  increase  the  resultant  penetration  by  increasing  the 
standoff  more  nearly  to  optimum  value*  For  charges  fired  near  optimum 
standoix,  skirting  plates  will  be  effective  only  against  relaiivmy 
poor  charges  such  as  those  represented  by  curve  b in  Fig*  1,  but  will 

be  quite  ineffective  against  the  good  charges  whoso  penetration-standoff 
curves  have  the  appearance  of  curve  c. 

e.  According  to  residual  penetration  theory,  alternate  layers  of 
hlfjh  and  low  density  material  will  provide  less  protection  tluui  the 
sane  thickness  of  a single  material  having  the  same  average  density  as 
the  lamipated  target.  An  actual  case  is  illustrated  in  Fig.  3 of  Ref.  1, 
where  solid  aluminum  is  shown  to  be  more  effective  than  a target  of  the 
same  thickness  and  areal  weight,  but  composed  of  thin  steel  plate*, 
separated  by  air-spaces. 

Thus,  while  spaced  armor  or  skirting  plates  were  useful  against  the 
relatively  poor  projectiles  of  World  War  II,  they  will  be  worse  than 
useless  against  projectiles  capable  of  defeating  armor  at  long  standoffs 
by  virtue  of  proper  design  and  construction. 

Design  of  Passive  Protection 

Equal  degrees  of  protection  can  obviously  be  obtained  from  a large 
thickness  of  low  density  material  and  from  a small  thickness  of  high 
d-nsity  material.  To  illustrate  this  by  an  extreme  example,  assume 
Wat  a given  charge  gives  a penetration  of  1C  in,  of  amor  plate  at 
optimum  standoff  and  of  1 in.  armor  plate  at  a standoff  of  20  ft.  For 
this  particular  case  it  might  be  said  that  9 in.  of  armor  plate  provides 
the  same  protection  as  20  ft.  of  air.  Since  the  latter  has  obviously 
less  areal  density  than  the  former,  it  might  be  considered  superior  to 
the  amor  plate  on  a weight  basis.  For  practical.,  purposes  the  density 
of  materials  which  might  be  considered  will  vary  from  about  2 (magnesium 
or  Dow  metal)  to  about  11  (iwsd)  or  more  probably  from  2,7  (aluminum) 
to  7.8  (steel  or  hesnogeneous  armor). 

As  pointed  our  in  some  detail  in  reference  1,  penetration  theory 
indicates  that  even  over  this  limited  range  of  densities,  the  lesis  dense 
material  is  always  superior  to  the  denser  material  on  a weight  basis, 
but  Inferior  on  a thickness  basis.  Specifically,  the  following  approxi- 
mate relations  hold  for  most  materials:  For  ary  desired  amount  of 
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protection,  the  required  areal  density  varies  as  1/  ^p",  while  the 
required  inicknaas  varies  as  \/p»  To  illustrate  this,  consider  a 
J>  in.  thickness  of  armor  plate  which  is  to  be  protected  against  a 
shaped  charge  capable  of  perforating  10  In.  of  armor.  The  necessary 
protection  could  be  provided  either  by  an  additional  5 in.  of  armor 
(about  200plba/fV  ) or  by  an  additional  So  in.  of  aluminum  (about 
120  lb«/ft).  accept  for  economical  e ons ider-t  1 or-  e . it  is  primarily 
a matter  of  weighing  the  thickness  advantage  of  armor  plate  (3.5  in) 
against  the  weight  advantage  of  aluminum  (80  lbs/ft’). 

Glass 

e 

The  abnormal  stopping  power  of  glass,  first  reported  by  the 
author  in  iyi*j>  (12),  (3^,  has  only  recently  been  verified  by  two 

other  research  laboratories  (13), 

Briefly  summarised,  the  following  observations  have  been  made  on 

glass t 

A.  Its  stepping  power  is  nearly  independent  of  its  chemical 
composition  or  heat  treatment  (15). 

B.  A glass  target  consisting  of  a few  thick  plates  is  more 
effective  than  an  equally  thick  target  consisting  of  many  thin 
plates  (16),  (17). 

C.  Starting  from  mull  areal  dimensions,  the  effectiveness  of 
glass  increases  as  its  areal  dimension  is  increased,  until  tho  linear 
dimension  of  the  glass  plate  is  about  3 chargs  diameters  (l6),  (17). 

B.  Targets  made  of  smooth  glass  plates  perform  better  than  targets 
made  of  glass  having  rough  surfaces.  Oocd  mechanical  contact  between 
all  glaea-to- glass  and  glass-to-steel  interfaces  improves  the  perform- 
ance of  the  target.  Hcwever,  tho  detrimental  effect  of  rough  surfaces 
can  be  reduced  by  separating  the  individual  plates  with  shock  aba  Oi'biJlg. 
materials  such  as  thick  plates  of  gasket  rubber  (2). 

B.  Glass  is  most  effective  against  the  fastest  moving  front  portion 
of  the  jet  and  loses  most  of  its  abnormal  performance  when  used  to 
absorb  tho  slow  rear  portion  of  the  jet.  As  a corollary,  the  first  few 
plates  in  the  stack  of  glass  plates  are  more  effective  than  the  plates 
near  the  bottom  o £ the  stack  (18). 

1,  Glasu  is  more  effective  against  copper  jete  than  "^-1 

jets  (I?).  It  is  very  probable,  but  hes  v'.ut  yet  been  verified  experi- 
mentally, that  glass  is  more  effective  against  jets  from  ductile  materials 
than  against  jets  frera  more  brittle  materials. 


term  "abnormal"  refers  to  the  fact  that  it  does  not  behave 
like  a material  of  density  2 .5  ge/cc,  but  rather  like  a material 
saving  w&oy  times  tells  density*  Although  hundreds  of  materials 
have  been  tested,  glass  and  glass-like  materials  are  the  only  ones 
which  h ms  significantly  abnormal  stopping  powers  whan  tested  against 

high  speed  jets  using  the  rugi- Fireman  procedure* 
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0.  Glass  is  most  effective  against  charges  fired  at  close  to 
optiisua  standoff  (19).  In  that  case  a steel  face  plate  provides  crdy 
little  additional  benefit  (20).  At  smaller  standoffs,  a face  plate 
seems  to  be  desirable  (20). 

H.  Under  the  most  favorable  conditions  (copper  jst  cfesrge  fired 
at  optimum  standoff,  glass  near  the  top  of  the  target,  etc.),  glass 
frequently  behaves  as  if  it  had  a density  of  UO  ga/oo  or  about.  16  tlaos 
Its  actual  density. 

1.  Class  does  not  deflect  a jet  perceptibly  from  its  original 
direction  for  angles  of  incidence  as  small  as  10®.  Kerr  cell  pictures 
taken  tinder  those  conditions  show  the  jet  traveling  in  glass  in  esactlv 
the  eaae  direction  as  the  incident  jet  (21). 

J.  Plate  glass  performs  better  than  cast  glass  bricks  of  equal 
thickness  (20).  This  is  probably  caused  by  the  presence  of  snail  la- 
perfections,  especially  air-bubbles  in  the  glass*  brick,  while  plate 
glass  is  quite  free  of  such  imperfections. 

K.  Doran  (glass  fibers  bow  l to  plastic)  displayed  no  abnormal 
properties  then  tested  by  Carnegie  Tech.  (18).  An  apparently  contra- 
dictory result  was  ootalned  by  Flintkote  (22),  indicating  abnormal 
stepping  poser  on  the  part  cf  Formica  FF-55,  a glass  doth  bound  to- 
plastic.  Additional  experiments  are  needed  to  clear  up 'this  apparent 
contradiction  in  results. 


While  the  Carnegie  Tech  group  has  obtained  a great  deal  of  addi- 
tional information  on  glass  (e.g.,  the  velocity  of  shock  propagation, 
the  velocity  of  crack  propagation  (23),  etc. ),  the  mechanism  responsible) 
for  the  unusual  stopping  power  of  glass  is  still  not  completely  under- 
stood. Kerr  oell  pictures  obtained  by  Carnegie  Tech  (2h)  and  more  recent 
radiographs  obtained  by  Zernov  and  Simon  of  3.R.L.,  prove  beyond  doubt  that 
glass  disrupts  the  jet  during  the  penetration  process  in  the  suggested 

by  this  author  (2U)  • The  B.R.L.  radiographs  are  shown  in  Figures  la  and 
lb.  It  seems  very  probable,  but-  remains  to  be  proven  experimentally,  that 
the  stopping  nearer  of  glass  is  caused  by  the  same  mechanism  as  the  "rebound  B 
effect  (2u),  (25).  Whatever  the  explanation,  glass  possesses  the  unusual 
property  of  being  meet  effective  against  the  charge  with  the  highest 
possible  penetrating  ability  , a remarkable  asset  for  any  crotsetive 
material.  ~ * c 

The  remarkable  aaruar  in  which  gl^ss  adjusts  its  storaisg  power  to 
the  penetrating  ability  -f  the  charge  is  illustrated  by  th®  sspariraentai 
results  presented  in  Fig,.  2.  Starts  frer:  zztc  rtardVf..  the  r— 'dual 
psastraticss  eapectod  on'  the  basis  of  hydrodynamic  th®oxy  increase 
steadily  until  they  double  at  optiaus  atandof f,  while  the  observed 
residual  penetrations  remain  constant. 


A recent  HRL  report  (1U)  shows  the  results  of  a very  collets  series 
of  topis  on  the  pcvfvrmssss  cf  glass  against  statically'  Hred  3,5  in. 
hascuKss.  Vzdtr  tbs  conditions  cf  thsse  tests  tfes  sssi  effective  thick- 
ness of  -lass  did  not  exceed  appreciably  the  stopping:  power  of  an  sqsfcl 
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thickness  of  slid  steel,  which  would  be  considered  father  poor  performance 
by  thin  group.  This  poor  performance  can  probably  be  ascribed  to  the  fact 
that  the  £EL  experiment*  were  carried  out  without  stool  face  plates*  and 
that  the  bazooka  has  a built-in  standoff,  provided  by  the  ballistic  e»p, 
of  only  4*2  in.  or  1.2  charge  diameters.  (Pig.  3 shew*  hov  the  perform- 
ance of  glass  varies  aa  a function  of  standoff  for  the  CIT  standard  charge, 
similar  la  most  essentials  to  the  3*5  in.  basooka.)  Ihere  is  little  donut 
that  increasing  the  standoff  of  the  bazooka  and  providing  face  plates  for 
the  glass  targets  would  provide  complete  agreement  between  the  results 
obtained  by  BRL  and  those  obtained  by  Carnegie  Tech. 

The  relevant  observation  (or  prediction)  to  be  made  hsra  is  the 
following!  Suppose  that  two  tanks  were  protected  against  the  3.5  in. 
bazooka,  eas  using  alsslsu®  and  ths  other  using  glass  protection:  Hoth 
of  these  designs  could  be  carried  out  in  principle  on  the  basis  of  recent 
ERL  results.  Suppose  farther  that  after  the  tank  had  been  protected  as 
specified,  the  performance  of  the  attacking  weapon  were  suddenly  improved 
considerably  by  providing  it  with  a greater  standoff.  This  would  mean 
that  the  tluaiaua  protection  on  the  first  tank  would  become  inadequate 
against  the  Improved  weapon;  glass,  on  the  other  hand,  is  somehow  alls 
to  compensate  for  this  improvement  in  the  attacking  weapon  (Fig.  2), 
and  the  second  tank  would  still  be  adequately  protected.  In  other  words, 
glass  is  probably  a much  better  protective  material  than  would  be  sug- 
gested by  ths  BRL  observation  that  at  best  it  about  equals  mild  3 tee L. on 
a thickness  basil. 

It  remains  to  consider  very  briefly  the  raannor  in  which  glass  must 
be  used  in  order  to  provide  maximum  protection  for  tanka*  (Details  of 
fastening  any  proposed  protection  to  tanks  will  not  be  considered  here.) 

Ihe  moat  effective  protection  would  probably  amplqy  a tc-tal  thick- 
ness of  glass  equal  to  one  to  two  charge  diameters.  The  required  thick- 
ness would  be  made  up  of  individual  plates,  each  of  maximum  available 
thickness,,  or  of  glass  bricks.  In  either  case,  each  pises  would  be 
separated  from  its  neighbors  by  a shock-absorbing  material  such  as 
sponge  rubber,  easiest  rubber,  magnesia,  etc.,  to  ainiwiae  shattering 
and  cracking.  (Ey  virtue  of  the  presence  cf  such  absorbing  materials, 
this  type  of  protection  would  probably  be  quite  effective  against 
attack  by  squash-heads.)  A number  of  such  stacks  of  glass  plates  or 
bricks  will  be  enclosed  in  ft  steel  panel  of  such  size  as  dictated  'ey 
the  geometry  of  the  tank  surfaces  and  considerations  of  ease  of  hand- 


The  outside  surges  of  each  panel  should  consist  of  1/2 H to  1R 
armor  plate  to  protect  the  panel-  .igcinrt  «_r~a  an-  +hc 

insids  surface  resting  againa-t  ths  tank’s  basic  armor  should  be  strong 
enough  to  prevent  appreciable  buckling  of  that  surface  after  a hit. 

Ins r®  I*  also  the  possibility  of  using  glass  iri  the  fora  of  very 
largs  balls,  each  3 Inches  or  more  in  diameter,  densely  packed  in  a 


(SB*.-.-. 
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pans!  with  *11  voids  filled  with  a mastic  binder  »>oh  a >i  tbf*  onor 
used  by  flintkote.  While  till  a method  would  n«  less  effective  than  thu 
ones  Just  discusnad,  It,  would  hr.vts  thw  advantage  of  smaller  cos  *;t  and 

'las lor  manufacture* 

It  should  be  remembered  that  the  Oft&lC  AU'iinr**  of  the  tknK  t<>  which 
these  panels  are  »ttaci»d  1#  a vary  neona-iasy  part,  of  the  protentivs 
dtivto.**  Teste  ou  auah  penslu  should  nw*r  be  wede  without  this  armor 
plate  backing.  'The  panel*  vL'Ll  effectively  step  tho  fast  front  end  of 
'vhe  Jet„  but  ha;.xt  «rt»w  «!■♦*  w-nalng  Use  most  effective  material  against 
litae  el  owe  r rear  portion* 

Recently,  n mt  lew  advance  hat  Uen  made  on  U*e  eubjeot  of  protection 
by  the  personnel  nt  .Detroit  Arsenal,  who  fenrod  that.  amor  could  bw  oust 
around  a solid  core  of  fused  silioa  without  resorting  ts  any  unusual 
casting  procedures,  Preliminary  tests  of  such  protective  panels  against 
conventional  ansor-plerolng  smwinlt.lop  as  veil  as  tihtu^d  charges  appear 
tgilte  tnuemraging . This  object  Is  now  urd«r  ertansl.ve  Invent! gp item. 
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TERMINAL  BALLISTIC  EFFECTIVENESS  OF 
SHAPED  CHARGES  AGAINST  TANKS 

F.,  I.  Hill 

Ballistic  Research  Laboratories 
Aberdeen  Proving  Ground,  Maryland 


Introduction 

Tr;«a  arapea  charge  is  one  of  the  more  effective  weapons  for  t-ne 
defeat  of  tanks.  The  principal  design  objective  in  the  past  has  been 
simply  to  perforate  the  armored  envelope  of  tanks.  In  general,  the 
amor  of  a tank  has  been  assumed  to  be  equivalent  to  a flat  pieesjof 
armor  plate  and  design  of  Shaped  charges  has  progressed  toward  the 
most  efficient  perforation  of  this  target.  Such  an  objective  io  a 
logical  initial  one  since  the  Infantry  has  had  no  weapons  of  reason- 
able weight  that  could  perforate  modem  armor  by  mo  ans  of  kin  s tic 
energy  rounds. 

However,  the  criterion  of  shaped  charge  effectiveness  must  in 
the  final  evaluation  be  its  ability  to  defeat  an  armored  ve hide  =.  not 
juat  perforate  its  armor.  The  first  element  to  be  considered  in  the 
criterion  is  that  of  perforation;  the  second  element  is  damage  after 
a perforation.  Perforation  of  a tank's  armor  is  not  the  same  as 
perforation  of  an  idealised  target.  Much  of  the  target  presented  by 
a tank  is  irregular  and  non-homogeneous  in  composition  so  that  pre- 
dictions of  the  effect  of  perforauion  cannot  be  dono  from  flat  plate 
data.  Damage  does  not  occur  to  a tank  just  because  a perforation  of 
the  armored  envelops  occurs.  The  perforation  must  cause  further 
destruction  inside.  This  damage  depends  upon  where  the  perforation 
occurs  and  the  residual  damaging  effect  of  the  jet  after  the  perfora- 
tion. Other  factors  such  as  stand-off,  liner  material,  etc.-  also 
are  involved 0 

It  is  desirable  to  consider  just  what  a "tank  k±llw  is.  Tanks 
cannot  be  shot  down  like  airplanes  or  sunk  like  ships.  Medium  tanks 
cannot  be  reduced  to  a twisted  hulk  by  *r-y  but  the  most  intense  of 
blasts.  Usually,  a tank  is  destroyed  by  releasing  .the  forces  that  it 
carries  within  it.  Thus,  tank  destruction  depends  to  a great  extent 
on  ignition  of  the  a*®mrdtion  or  fuel.  However,  other  typerj  of 
uMnuujo  redr**'*  tank  effectiveness  e anally  "*H  depending  unos  +he 
circumstances  of  combat.  For  instance,  if  a tank  is  immobilised  daring 
a retreat  it  io  loot  juat  as  a surely  as  though  it  h:id  been  burned, 
le.  the  case  of  an  attacking  force  - • if  the  fire  pc^ror  of  i-5.nk  is 
destroyed  the  tank  is  no  longer  of  use  in  the  particular  action* 
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Three  categories  of  damage  to  a tank  have,  been  defined. 

K Damage  is  that  damage  that  will  cause  the  tank  to  be  destroyed. 

F Damage  is  damage  causing  complete  or  partial  loss  of  the  ability 
of  the  tank  to  fire  its  main  armament  and  machine  guns. 

M Damage  is  damage  causing  immobilisation  of  the  tan'*. 

Sources  of  lb rm Inal  Ballistic  Data 


Thera  are  three  sources  of  data  for  terminal  ballistic  damags  of 
shaped  charges  to  tanks t historical  data,  terminal  ballistic  firings 
at  tanks  and  box  tests.  Each  of  these  three  methods  has  its  Importance. 

Historical  Data 


The  principal  historic^  data  compiled  on  the  damage  effective- 
ness of  shaped  charges  was  obtained  by  the  MCRU  in  Ore  at  Britain 
(ref.  1 and  2).  The  data  available  are  entirely  for  German  infantry 
hand-fired  weapons,  such  as  the  Panserikust  and  the  Rake tenpanae  *bu?eh se 
(German  3.5  in.  Bazooka),  vs  U.  S,  and  Jritish  Tanks.  This  information 
is  valuable  in  that  it  gives  some  idea  of  tho  points  of  impact,  the 
ranges  of  engagement,  and  the  crew  casualties  experiences  in  World  War  II. 
Table  I,  prepared  from  Ref.  1,  shows  the  proportion  of  Sherman  and  Stuart 
Tanks  that  burned  completely  and  the  proportion  that  were  repairable, 
as  a result  of  shaped  charge  attack. 

TABLE  I 


Total  No.  No. 

Considered  Burned 


% 

Burned 


% Casualties 
Repairable  __ 


utt 


27 


k* 


This  table  suggests  - tat  most  of  the  tanks  that  were  not  burnt  were 
repairable.  Table  II,  taken  from  Ref.  2,  suggests  that  the  rule  of 
thumb  that  one  man  killed  and  one  wounded  for  a perforating  round  is 
a good  one  for  shaped  charge  rounds. 


No.  of  men 
Exposed 


O TC“ 


TABLE  II 

% % % 

Klllod  Wounded  Burned 

20  2 k 6 


These  are  short  range  weapons.  Kills  rarely  occurred  at  ranges  greater 

JPU-.  -.-P  00*7  ! ,-w» AU*  a.,i 

-*•«  AAi-u  wwst*  w*  — — j OddUeUbAPO  yau.  MiO  ^6(A 

dat*  available  «n  shaped  charges  from  World  War  II)  is  i;J  =5  yawls.  The 
angular  distribution  of  casualty  producing  attack  data  available  for  the  so 
short  range  weapons  is  shown  in  Table  III, 
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table  hi 

No.  of  !jo.  on  No*  on  No.  on 

Perforations  Front  Side  Ra/g 

100  30  6 3 7 

All  of  the  above  data  were  taken  from  references  1 (aid  2. 

Terminal  Ballistic  Firings 

The  seoond  and  the  most  definitive  source  of  damage  information  is 
the  proving  ground  firing  at  a tank.  Such  firings  have  been  carried  ocfc 
by  the  British,  the  ERL  and  other  organisations  from  time  to  time* 
References  to  the  detailed  data  on  these  firings  ars  given  in  reference 
numbers  3 to  21. 

Tha  largest  and  most  systematic  program  has  been  at  the  Ballistic 
Research  Laboratories.  The  method  of  obtaining  these  data  has  been  a;; 
follows.  A fully  equipped  tank  (usually  a T26Eu  cr  T26$5)  is  loaded  with 
wooden  crew  members  in  each  crew  position  and  stowed  with  inert  ammunition. 
A aaall  amount  of  fuel  is  placed  in  the  fuel  tanks  to  operate  the  engine 
sc  that  it  can  be  running  when  the  tank  is  fired  on.  A round  is  then 
fired  on  a selected  surface  of  the  tank.  The  angles  of  fire  usually  con- 
sidered are  normal  to  front  and  side  and  U£°  azimuth  to  front  and  side. 
Another  angle  of  attack  is  at  hS°  elevation  angle.  The  range  of  firing 
varies  depending  upon  the  round  to  be  tested.  For  instance,  the  pOmra 
HOB  round  was  fired  at  yards  and  the  3*5  in.  rocket  was  fired  at 
100  yards.  For  the  first  firings  the  attempt  is  made  to  cover  the  tank 
in  a fairly  uniform  manner  with  hits.  However,  after  the  nature  of  the 
dassage  of  ■ particular  round  is  generally  understood,  the  rounds  are 
fired  at  toe  surfaces  of  a tank  where  there  is  the  greatest  doubt  about 
the  damage* 

As  soon  as  a hit  is  obtained  on  the  tank,  two  combat  experienced 
a a ess ore  go  to  the  tank  and  examine  the  damage.  As  long  an  the  tank 
ie  operable,  operable  components  are  checked  ( such  as,  turret  traverse, 
gan  elevation,  radio  intercommunication, etc.).  The  damage  is  then 
assessed  with  a description  of  every  item  of  damage  to  tea  tank.  These 
descriptive  assessments  are  then  translated  into  numerical  assessments, 
which  have  been  determined  by  the  assessors  to  be  standard.  A list  of 
standard  nsseseaente  of  components  is  given  in  Table  17.  H,  F,  and  K 
damage  are  defined  in  the  “Introduction." 


271 


CONFIDENTIAL 


c-  m»>r  T,'me'»wm  *■ 

«*,.  *1  a A"*  A ,’  •*  H J‘  » H J 


TAHLF  XV 


LIST  OK 

Awnundtion 

Cu««  - Main  flun 
H.  B.  Projectile 

3**11  Arm*  aioved  In  turret  Inutile 
" " M In  driving  cowp't 

" rt  near  loader 
Oranade  Dot 

tsiMsma 

C own  an dt>r 
Oujtrwr 

Loader 

nrives* 

Dow  Ourm«r 

Kaiu  gun  and  braftf'.h 
»«4uUibt,«Un' 

H*v*tia*  and  traeeralr a w»ehant*A 

Ha  no  11  MMnhanlna 
Coaxial  naohljM  pin 
Hear  machine  gun 

Koglna,  trenaml  eelmt 
Oil  and  G VU>..  cooler* 

K»t*L  tanka 
Hr  Mary 

Fici'tirwt  CnKwndawnt 

hadio  and  Intercommunication 
Fire  Control  - Dependent  c-ri  nye+^ii 
i/riving  Conor cis 

Heater  (using  liquid  eng.  soolumi) 


ASSESSMENTS  Probability  uf  OwrJl 

Damage  to  1'a.nlc  when 
Destroyed 

M F K 

100 

100 

•J5 

.po  ao 

•is' 

*hf\  I.H 


.30  .30 

.20 

• IS 

, m . tv 

ao 

.00 

.An 

.80 

,80 

.30 

.10 


3 .00 

3 .00 

1 00 

. ij1  • i;i  * 

. :;o  ao 

:l  .on 

"...00 


*72 
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TABLE  IV 


(Cont'd) 


Probability  of  Overall 
Damage  to  Tank  When 
Destroyed 

M F K 


Exterior  Components 


Front  Idler  Hub 

.50 

Track 

1.00 

Driving  sprocket 

1.00 

Pinal  drive 

1,00 

Track  guides 

.19 

The  above  table  la  representative  and  la  not  inclusive  of  all  the  damage 
that  could  happen  to  such  components  as  the  electrical  circuit,  etc* 

The  determination  of  a personnel  kill  is  made  from  examination  of 
the  wooden  dummies.  While  wound  criteria  as  determined  frca  wooden 
dummies  aio  idad. ttedly  inaccurate,  cases  that  are  marginal  are  usually 
rare.  Assessment  of  the  possible  damage  that  could  have  occurred  frees 
fuel  or  ammunition  fires  is  made  by  observing  where  the  hits  occurred 
and  correlating  this  with  actual  experiments  carried  out  against  these 
components  separately.  Fuel  and  ammunition  are  removed  from  the  tank 
prior  to  firing  for  practice!  reasons.  When  a tank  is  perforated  with 
live  ammunition  in  it,  it  is  highly  unsafe  to  investigate  it  even  though 
no  immediate  fire  occurs  for  several  hours.  In  the  case  of  a fire  which 
consume*  aomtanltion  or  fuel  there  is  nothing  left  of  the  tank  to  access. 

. After  the  perforation  has  been  assessed  the  tank  is  cleaned,  previous 
damage  carefully  marked,  new  wooden  dummies  installed  and  minor  damage 
repaired.  As  successive  shots  hit  the  tank  the  quality  of  the  data 
obtained  decreases:  since  the  assessor's  estimates  of  tho  actual  damage 
that  would  here  occurred  in  the  absence  of  previous  damage  become  more 
difficult.  The  tank  is  fired  on  until  no  more  data  can  be  obtained. 

(In  tie  ease  cf  the  3.5  inch  rocket  ever  70  hit?  and  35  perforations  were 
obtained  cn  a single  tank.) 

The  descriptive  and  numerical  assessments  are  the  basic  d3ta  for 
the  analysis  of  tank  vulnerability.  The  information  is  contained  in  this 
zero,  in  the  firing  records  (ref.  3, through  16).  British  data  arc  pre- 
sented in  a somewhat  different  form  in  that  only  the  descriptive  part  of 
the  damage  is  given.  Doltish  data  available  are  given  in  (ref.  17 
through  , 
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Box  lasts 


The  so-called  "box  tests"  are  thoroughly  described  in  Ref.  22.  A 
box  Is  placed  behind  the  armor  plate.  In  this  box  are  instruments  to 
measure  pressure  and  temperature  and  usually  witness  plates  to  give  an 
indication  of  scatter.  The  box  appears  to  be  an  admirable  way  to  obtain 
developmental  data  on  shaped  charge  deuign.  Its  value  will  probably 
increase  as  correlation  can  be  established  between  box  measurements  and 
tank  damage. 


A BRIEF  SUMMARY  OF  TERMINAL  BALLISTIC  FIRINGS 
Data  Obtained  at  Aberdeen  Proving  Ground 

Using  the  methods  of  gathering  data  outlined  in  the  previous  section, 
several  firings  of  shaped  charge  ammuniti.on  against  tanks  have  been  con- 
ducted. A detailed  description  cf  these  firings  is  given  in  the  APG  Firing 
Records  (refs.  £ through  10 ) . Table  V summarises  the  lumber  of  each  type 
of  round  that  has  been  fired  and  the  amount  of  data  from  perforations  that 
are  available.  Most  of  the  attacks  were  against  the  T26E1*  tank  which  in 
armor  and  most  other  respects  is  similar  to  the  M26  (Pershing)  tank.  The 
amor  is  the  same  as  the  MU6  and  similar  to  the  MU7.  A few  firings  were 
against  the  T26E5  tank,  which  is  a considerably  up-armored  version  of  ths 
K26  tank.  Table  V 1s  presented  to  show  what  basic  data  is  available  at 
the  time  of  writing.  Ko  conclusions  should  be  drawn  from  this  table  con- 
cerning perforation  probabilities,  fee  range of  firing  was  established 
for  the  sake  of  convenience  and  safety.  'Static  firings"  or  firings  from 
shaped  charges  set  in  place  were  used  when  it  was  not  feasible  to  launch 
ths  ’•ocketa. 


TABLE  V 

SUMMARY  CF  SHAPED  CHARGE  FIRINGS  ON 
T26BJ.  and  T26«5  TANKS 


Type  Round 

Ref. 

Type  of 
Attack 

2. ,5"  KEAT  Rocket  M26 

6 

Ground 

9)Mu  HEAT  7108“ 

U 

Ground 

5"  copper  cone 

9 

Ground 

5"  copper  coma*  » 

9 

Grcsind 

5"  aluminum  cone^ 

9 

Ground 

7$m  H5AT  M310A1 

3 

Ground 

\0<mm  HEAT  MS? 

8 

Ground 

n rtf'*! 

(P  **«*». 

$ 

30° air 

Oerlikon 

p 

30>ir 

3tS‘  Rocket  M2 8 

7 

k$°*ix 

6.5"  ATAJH  (Steel  Cone) 

10 

U5  air 

•"Rounds  marked  by  asterisk  were  fired 


Crew 

Eng. 

Non 

Total  No. 

Comp. 

Comp, 

Perf 

Range 

of  shots 

Psrf , 

Perf, 

Hits 

100  yds. 

70 

33 

6 

31 

500  yds. 

2k 

11 

1 

j. 

12 

Static 

2 

2 

- 

- 

Static 

9 

9 

- 

n* 

Static 

8 

6 

1 

ICG  yds . 

25 

D 

0 

lit. 

100  yds,, 

20 

6 

1 

13 

<00  yds. 

31 

r* 

S 

r*v/ 

500  yds. 

35 

2 

23 

13  yds , 

15 

10 

5 

- 

Static 

s 

O 

5 

- 

1 

against  T26E5  tank. 
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Of  all  the  firings  listed  in  Table  V only  that  of  the  3.5  inch 
Rocket  is  likely  to  glee  any  valid  data  in  an  unreduced  form  for  the 
expected  number  of  kills  on  the  T26E1*  tank.  Table  VI  separates  the 
damage  to  the  T26E2*  tank  into  damage  from  armor  fragments  and  damage 
from  the  shaped  charge  jet  itself.  It  is  significant  that  no  K damage 
vaa  caused  by  fragments.  Figure  1 shows  the  results  of  the  3*5  inch 
(ground)  firings  as  a cumulative  distribution.  TS#  use  of  a cumulative 
distribution  of  numerically  assessed  damage  is  of  considerable  aid  in 
the  comparison  of  t so  rounds. 


TABLE  VI 

3.5"  ESA?,  H28  ts  K26  Tank 
(Avg.  Results  of  70  Rda.) 

*Z&L.  Prob.  of  a hit  being  a kill  due  to 


Jet  Only 

Frags.  Only 

N F 

K 

M F 

K 

Avg.  of  all  hits 

.13  .1* 

.07 

'.lU  .10 

0 

Avg.  of  hits  that  did  damage 

.59  .55 

•31 

*1*6  .31* 

0 

Erase  & Jet 

M F K 

Avg.  of  all  hits 

.26  ,21  .07 

Avg.  of  hits  that  did  damage 

.78  .70  .31 

of  hits  caused  no  damage 
U*  ctl  hits  < tensed  damage.  Of  thasei 
h$%  ceased  frag.  d*s*gs  only 
29%  jet  damage  only 

20%  crused  jet  end  frag,  damage 

The  reduction  of  the  data  shown  in  Table  V is  of  little  importance 
for  the  T?6Sl*  tank  because  this  tank  is  obsolete.  The  data  are  primarily 
usad  sjs  a basis  for  estimates  of  'damage  to  othar  :osrsk£e  Such 
are  given  for  many  of  these  rounds  in  svbss^uent  f'ection.s  of  this 

Chapter . 

In  addition  to  firings  on  tanks  a rambor  of  tosts  have  bass?  ~zdz 
firing  oe.  v-aBolino  and  Diesel  fuel. 
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TABLE  VIII 

SlMiARY  OF  SHAPED  CHARGE  FIRINGS  AGAINST  DIESEL  FUEL 


Hound 

t 

Armor 

Obi. 

Container 
Capacity 
_ (gal.)  .. ... 

■& 

Whoro 

HIT 

No.  of 
Hounds 

Ho.  of 
Fires 

r .* 

r 

Fires 

2.36"  M6A6  HEAT  3" 

0° 

16 

AFL 

10 

2 

20 

H 11' 

0° 

16 

AFL 

10 

2 

20 

« 

0° 

16 

BFL 

16 

2 

12 

90nm  1108E15  3" 

0° 

16 

AFL 

h 

h 

100 

w 3»i 

0° 

16 

BFL 

3 

3 

100 

3.5"  heat  5-i/U" 

U5° 

5? 

AFL 

11 

5 

U5 

" 2-3/V' 

0° 

55 

AFL 

9 

2 

22 

" 5-1/li" 

U5° 

55 

BFL 

13 

5 

36 

" 2-3/U" 

0° 

55 

BFL 

15  6 

n 31 

2*0 

2^ 

*AFL  - Above  Fuel  Level 

3FL  - Below  Fuel  Level 

Derivative  Facta 

1.  27%  of  hits  above  fuel  level  caused  fires. 

2.  31*  of  bits  below  fuel  level  caused  fires. 

3*  3 0*  of  rounds  detonated  against  16  gal.  containers  caused  fires. 

li.  37*  of  rounds  detonated  against  55  gal.  containers  caused  fires. 

Conclusions 

1.  There  is  not  sufficient  reason,  on  the  basis  of  these  firings,  to  reject 
the  hypothesis  that  probability  of  causing  a fire  is  independent  of 
position  of  hit  with  respect  tc  fuel  level, 

c.  Considering  variations  in  types  of  armor  plate  and  detonated  round,  no 
significant  difference  in  vulnerability  of  16  gal.  containers  and  55  gal, 
containers  is  evident. 

3.  On  the  basis  of  these  firings,  it  is  not  possible  to  establish  the 
probability  of  a fire  as  function  of  detonated  round  or  armor  plate 
tnickness. 
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Hi  ore  have  been  relatively  few  firings  of  shaped  charges  against 
ammunition  because  of  the  difficulty  of  dein;;  the  test  safely.  Tabic 
outlines  data  obtained  by  firing  at  three  rounds  placed  approximately 

one  inch  apart. 


J.A 


TABLE  H 


90mm  T1.08E1  vs.  Ammo. 

No.  rds. 

Armor  No , of 

t Obi , Expl . 

o' 

0 

l-d 

times  1,2,  or 
exploded 

3 rds 

Fired 

TA11GET 

1 rd. 

2 rds. 

3 rds. 

7 

3 rds.  of  90mm  AP,T33  3"  0°  7 

2 

k 

1 

7 

2 cartridge  cases  of  3"  0°  7 

.-.usiian  85mm  and  1 rd, 
of  inert  90mn  AP,  'L’33 

3 

h 

It  is  notable  that  the  (munition,  both  U.S.  and 
when  the  propellant  cases  were  hit. 

Goviet, 

were  ignited 

Data  Obtainod  by  the  British. 

The  British  have  conducted  several  firings  of  shaped  chnrpe  ammunition 
against  tanks,  ammunition,  and  fuel.  The  detailed  description  of  those 
firings  is  given  in  ref.  1?  through  21,  In  addition  to  these  firings  they 
have  done  a large  number  of  witness  plate  firings,  which  are  firings 
through  armor  with  measurement  of  back  damage  made  by  setting  up  thin 
olates  at  various  distances  behind  the  armor. 

Cnp  of  the  most  extensive  firing  programs  has  been  carried  out  in 
firings  ordered  in  British  Ordnance  Board  proceeding  1*  6S67  which  gave 
some  considerable  data  on  the  performance  of  the  Energa  rifle  grenade, 
the  3.5  inch  rocket,  and  the  9$mm  HEAT  round  against  fuel,  ammunition, 
and  witness  plates.  Table  X summarizes  these  firings  for  the  Encrga  Grenade 
against  plate. 

Conclusions  that  may  tc  drawn  from  this  table  are  that  the  cone  of 
damage  is  independent  of  plate  obliquity  and  that  the  cone  of  damage  is 
very  narrow  for  the  near  critical  thicknesses  of  amor  fired  on.  The  cone 
of  damago  is  defined  as  the  cone  including  all  the  lethal  spray  of  fragments 
striking  and  perforating  a 1/16  inch  mild  steel  plate  36  inches  behind  the 
main  armor, 

I able  aJ  snows  the  results  of  the  Lnorga  Grenade  firing  through  arncr 
oS  anproxi-nately  thickness  at  a group  of  nine  rounds  of  17  par.  Al-'CLC 

an  munition  placed  approximately  Ul  inches  behind  the  armor. 
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Performance  of  Energa  Grenade 
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TABLE  XI 

2NERGA  GRENADE  vs.  17  pdr.  APCBC  AMMUNITION 


Total  No.  of  ohots  12 

No*  of  Occasions  Rounds  Damaged  10 

No.  of  Occasions  Fire  Occurred  3 

Average  No.  of  Rounds  Damaged  when  Damage 

Occurred  5.5 

No.  of  Fires  Per  Round  Damaged  6/11 


TABLE  XII 

WITNESS  PLATE  FIRINGS  OF  STATICALLY  FIRED  3.$"  HEAT  ROCKETS 


Front 

Hole 


No. 


Back 


No. 

Rounds 

Thickness 

on 

Armor 

Obliquity 

deg 

Equiv.thick-Avg.dia. 
ness  (mm)  (in) 

Perf. 

Hole  No.  Avg.No.  Avg.  Cone 

Avg.Dia.Rds.  Frag/Rd  Angle/Rd 
(in).  . _ 

10 

200 

32 

236 

2.1 

1.0 

k 28 

31° 

3 

2 00 

37 

250 

2.1 

3 

1.2 

2 21 

26° 

25 

130 

56 

232 

3.1 

18 

l.C 

U 28 

37° 

6 

130 

56 

2ii5 

3.1 

3 

.8 

1 Hi 

wrm 

5 

130 

60 

260 

2.6 

k 

l.U 

1 15 

r>«» 

Table  XI 

indicates 

that  with  low  residual  penetration 

there  i3  a low 

probability  of  igniting 

ammunition  fires  with 

the  Energa  grenade. 

Table  XII  summarizes  the  British  witness  plate  firings  with  the  3.5" 
rocket  showing  a mean  cone  angle  of  damage  of  the  order  of  33°  &t  three 
feet  behind  the  armor. 


In  firing  the  3.5"  rocket  four  times  against  17  pdr  APCBC  ammunition 
in  a test  arrangement  approximately  the  same  as  that  of  the  Energa  da~ 
scribed  in  Table  XI  four  fires  were  obtained  for  four  shots.  Two  fires 
were  also  obtained  for  two  shots  into  caliber  .30  ammunition* 


Table  XIII  shows  witness  data  on  the  otown  PEAT  ’'interfile. 

.«*>  ^ 1 J «"  J ' A l\  A 4 M*  rt  1^*1  «*  1 Vl  a m /\  .\ M «•«  a J nwa  M 4^MW*  1 Vt  4 M 

-MAC  uai^tt  uaiuxva  caJj^vi.  UAHia.  o'oj.jt  Ui ic  O'utm.  v.uiio  v/x  Ucuua xCx  ctixu 

round  as  the  3.5"  rocket,  which  is  a substantially  greater  one  than 
that  for  the  Enorga.  In  firing  on  ammunition  with  approximately  the 
came  test  ect'-up  as  that  of  Table  XI  five  fires  were  obtained  with 
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five  95 ran  HEAT  shots  against  17  pdr.  APCDC  ammunition.  Static  firiigs 
of  this  round  into  diesel  fuel  filled  tanks  caused  one  small  fire  in 
five  attempts.  The  one  shot  into  a gasoline  filled  tank  caused  a fire. 

TABLE  XIII 


STATIC  WITNESS  PLATE  FIRINGS  OF  (J95  MM  HEAT  SHELL 


'Witness  Plate  Data 


No. 

Fired 

Armor 

Thickness 

nun 

Obliquity 

deg 

Equiv. 

Thickness 

mm 

Mean 

Front 

Hole  Dia. 
in. 

No.  Avg. Frags i/rd, 
Rds. (Perf . I/l6" 

M.S. 

3 ft.  range) 

Cone"  of 
damage 
at  3 ft 
deg. 

12* 

200 

15 

206 

1.8  7 

31.5 

27 

11** 

130 

51 

206 

2.5  3 

18 

30 

* 10  Perforations j 0.6"  mean  back  hole  dia. 

#*  9 " 1.0"  "»«« 


For  the  firings  against  the  plate  at  $1°  obliquity  in  Table  XIII 
witness  plates  were  set  up  at  six  inches  and  one  foot  as  well  as  three 
feet.  The  cone  of  damage  varied  as  follows: 


Cone  of  damage 
degrees 


Distance  to  Witness  Plate 
ft. 


75  .5 

59  l.o 


30 


3.0 


These  data  are  closely  fitted  empirically  by  the  relation: 

Distance  to  witness  plats(ft.)  - 9.6  s --039  x °°ne  *n;ie  in  deEree3 

Although  limited  in  nature  such  data  suggests  that  the  higher  velocity 
fragments  are  rear  the  Js  t after  it  passes  through  the  armor.  The  results 
sc  far  on  witness  plate  firings  show  premise  as  an  aid  to  the  analysis  of 
tank  vulnerability*  However,  much  more  firings  will  be  needed  to  supplement 
the  existing  fragmentary  information. 


A qualitative  Description  of  Shaped  Charge  Damage 

For  reasons  of  conciseness,  data  have  been  given  in  the  form  of 
numerical  assessments.  However,  the  analyst  of  tank  damage  must  rely 

heavily  on  descriptive  assessments » For  this  raason;  a brief  qualitative 
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description  of  the  damage  to  be  expected  from  shaped  charges  is  given* 
Reference  to  Table  V shows  that  the  rounds  fired  can  be  divided  into 
several  easily  defined  groups. 

The  first  group  is  fin  stabilized  shaped  charge  rourris  with  copper 
liners  such  as  the  3.5"  Rocket.  90mm  T108,  2.75”  FFAR  and  8 on  AR.  These 
rounds  will  usually  do  damage  (providing  "sufficient  residual  peroration” 
is  available)  in  a narrow  cone  along  the  path  of  the  jet.  Fragments  can 
be  expected  to  do  damage  to  soft  targets  such  as  personnel  and  communi- 
cations equipment.  The  fragments  are  not  likely  to  ignite  ammunition. 

The  jet  will  ignite  the  projectile  propellant.  The  jet  also  will  ignite 
gasoline  by  a perforation  into  the  fuel  tanks  either  above  or  below  the 
fuel  level. 

Diesel  fuel  is  not  nearly  so  easily  ignitable  as  can  be  seen  in 
Tables  VII  and  VIII*  There  appears  to  bo  some  dependence  upon  ignitability 
of  the  diesel  fuel  and  the  size  of  the  charge.  Rounds  with  a large 
residual  penetration  have  an  appreciably  better  chance  of  i grating  this 
typa  of  fuel.  Another  effect  in  the  diesel  fuel  firings  has  been  one  of 
container  size.  In  the  firings  of  the  3«E>  inch  rockets,  small  containers 
containing  five  gallons  of  Diesel  fuel  were  not  ignited  in  rj  attempts. 

(See  ref.  26  ) 

Exactly  what  constitutes  'Sufficient  residual  penetration"  cannot 
yet  be  specified.  The  amount  of  damaging  power  left  in  a shaped  charge 
jet  after  a target  perforation  that  is  necessary  to  do  damage  will  vary 
depending  on  the  point  of  entry  into  the  tank.  If  "residual  penetration" 
is  acceptable  as  an  index,  the  range  of  values  that  can  be  selected  is 
probably  greater  than  one  inch  and  less  than  three  inches  to  do  the  type 
of  damage  that  is  confined  to  a narrow  path  behind  the  perforation,  A 
figure  frequently  used  is  2.5  inches  residual  penetration.  (Sec  ref.  27) 

The  damage  from  shaped  charges  using  other  liner  materials  is  some- 
what different.  Detailed  reports  of  this  have  been  made  in  refs.  22  and 
23.  Materials  such  as  steel  or  aluminum  tend  to  cause  more  fragments  to 
fly  off  the  rear  face  of  the  armor  and  thus  fragment  damage  is  more  wide- 
spread than  from  copper  cones.  However,  neither  steel  nor  aluminum  lined 
cones  have  as  great  a penetration  &s  copper  cones  of  the  some  diameter* 

Both  steel  and  aluminum  cone  shaped  charges  produce  considerable  pressure 
effects  Inside  a tank  upon  perforation.  The  pressure  from  aluminum  cones 
is  apparently  somewhat  greater  than  from  steel.  Tests  (ref,  16)  on 
animai3  placed  in  a tar<K  fired  on  by  a 5 inch  shaped  charge  showed  them  to 
be  unharmed  unless  hit  by  fragments.  The  approximate  pressure  measured 
by  paper  blast  gages  was  of  ihe  order  of  5"  psi.  This  pressure  did,  how- 
ever, tear  off  hatch  doors  and  bend  bulkheads  within  the  tank. 

Although  shaped  charges  do  not  in  general  wrack  a tank  by  <.keir  own 
energies,  they  are  nearly  equally  as  efficient  as  the  kinetic  energy  rounds 
in  igniting  fuel  and  .ammunition  in  the  tank.  Shaped  charges  are  equally 
as  i-pod  as  kinetic  energy  rounds  at  knocking  out  the  engine  or  transmission. 
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They  do  not,  however,  assure  a ki3.1  when  a perforation  of  the  tank’s 
armor  occurs  any  more  than  do  kinetic  energy  rounds  of  the  same  caliber. 


Target  Characteristics 

Tables  XIV,  XV,  and  XVI  contain  information  regarding  the  armor  of 
various  tanks  and  the  effectiveness  of  several  HEAT  projectiles  in 
penetrating  this  armor. 


Table  XIV  gives  the  probability  of  encountering  an  obliquity  of  6 
or  less  for  various  tanks  averaged  over  the  expected  angles  of  attack 
if  the  attacking  projectile  strikes  the  presented  surface  of  the  tank 
in  a random  manner.  In  averaging,  the  distribution  of  angles  of  attack 
was  considered  to  he  either  circular  or  in  the  form  of  a cardioid,  as 
noted  in  the  table.  The  circular  distribution  is  approximately  what 
would  be  expected  in  the  case  of  attack  by  hand  hold  AT  weapons  and  the 
cardioid  distribution  is  what  would  be  expected  from  mounted  AT  guns.  Hef. 

2$.  contains  a discussion  and  derivation  of  the  latter  distribution. 


oni. 


CONFIDENTIAL 


CONFIDENTIAL 


§ * 
— c 

•H 

.-4  ^ 

S3 

*-*  o 
J o 

3cS 


CO  C' — Cnj  i — * GO  CO  03  O 

o cm  r>'.  _r/  no  cu  On  O 


»C  n n O On  r-l  n0  1-Ov  O 

O rl  (Nl  f-  cC  On  O 


S 3 


H nO  Os  n0  ON  O 

\A  f-  On  On  O 


On  rH  On  ON  On  On  U"\  Os  O 

O f'l  UN  <0  O Os  On  O 

«••••«••* 


V/N  NO  no  f'N  so  CM  \A 

OOO  H N 4 \A  CO  Os 

• •••••••• 


vr\  no  o- 

O O O 

• • • 


f—  so  -ct  V\ 
CM  -CJ  NO  CO  ON 


^ \A  SO 

OOO 


BCD  N IA 
lA  O' 


■--n  v\  so 


r-  c«~\  c.  t—  \j\  O 

r-i  CM  -O  U\  r—  Os  O 


c I OOOOO  OOO  OO 
n r-i  CM  -O  s/%  '•  > i—  OO  On 


CONFIDENTIAL 


CONr  iuENTIAL 


Table  XV  shows  the  probability  of  HEAT  projectiles  encountering  an 
equivalent  armor  thickness  t or  less  averaged  over  the  expected  angles 
of  attack  for  various  tanks  assuming  that  the  projectiles  3trike  the 
presented  area  of  the  tank  in  a random  manner.  An  equivalent  armor 
thickness  is  a thickness  at  0°  obliquity  which  gives  the  same  protection 
as  3cme  other  combination  of  thickness  and  obliquity.  The  distributions 
of  attack  angles  are  the  same  as  used  in  Table  XIV.  Shielding  by 
external  components  was  not  considered  in  the  preparation  of  Tables 
XIV  and  XV,  However,  the  net  effect  of  external  components  is  to  lower 
the  values  in  Table  XV  by  about  10 %. 

TABLE  XV 


DISTRIBUTION  OF  EQUIVALENT  ARMOR  THICKNESS  WITH  RESPECT 
TO  HEAT  ROUNDS  (Ground  Attack) 

Probability  of  Encountering  t ' or  less 

t Ml*8  Ml*8  T-U3  T-I*3  T3li/65  JS  III 

e (Circular  )#*Cardioid)-»'  (Circular  )**(Caraioid)+  (Cardioid)+  (Cardioid)+ 

(in) 


0 

- 

- 

- 

- 

_ 

- 

2 

’ .18 

.07 

.06 

.01* 

.22 

- 

1* 

.1*8 

.37 

.Ul 

.31 

.62 

.16 

6 

.63 

• 57 

.59 

.1*8 

.72 

.23 

8 

.72 

.68 

.68 

.62 

.76 

.1*6 

10 

.71* 

.72 

.72 

.66 

.78 

.6? 

12 

.76 

.76 

.71* 

.71 

.76 

.72 

lh 

.77 

.77 

.75 

.72 

.78 

.71* 

16 

.77 

.77 

.75 

.73 

.78 

.7U 

u 

.7  ? 

.77 

.76 

.73 

.78 

.71* 

tg  - equivalent  thickness  at  0°  for  HEAT  rounds  (*  thickness  of  amor  x 
Secant  of  the  angle  of  obliquity)  of  armor  measured  from  the  normal 
plane 

*»  Circular  Distribution  of  Attack  Angle. 

Oardioid  “ " !!  " , 
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Table  XVI  gives  the  portion  of  tnu  presented  area  of  the  armored 
parts  of  various  tanks  tfiich  can  be  penetrated  from  various  angles  of 
attack.  Shielding  by  external  components  was  not  considered  in  the 
preparation  of  this  table. 


TABLE  XVI 

Portion  of  Presented  Area  of  Hull  & Turret  That  is  Penetrable* 


(Ground  Attack) 

Angle  of 

Attack 

2.36"  ! 

dr.nl  . ;e\6 

(dec) 

MUti 

TU3 

T3OTT 

JE  III 

0 

.06 

.2? 

.72 

.08 

30 

.29 

.16 

.70 

.00 

60 

.59 

.66 

.69 

.00 

90 

.71* 

.73 

.75 

.61 

120 

.65 

.70 

.77 

.62 

150 

.56 

.53 

.6  U 

.0 

180 

.7U 

.76 

- 

- 

3.5"  Hi iAT.  M28A1 

MU8 

TL3 

T3U/85 

JS  III 

0 

.60 

.63 

.75 

.73 

30 

.67 

.55 

.79 

.70 

60 

.72 

.75 

.77 

.70 

90 

.86 

.81* 

.76 

.73 

120 

.71 

.79 

.79 

.7k 

150 

•7U 

.76 

.79 

.73 

180 

.75 

.78 

- 

- 

•sRe  member  that 

a penetration  does  not 

insure  a kill 

• 

Ah'? 
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TABLE  XVI  (Continued) 


Angle  of 
Attack 

6.5H  AT  Ail 

(deg.) 

MU8 

TU3 

T3U/85 

JS  III 

0 

.72 

.77 

.79 

.760 

30 

♦7U 

.63 

.79 

.760 

60 

.75 

.77 

.79 

.760 

90 

.87 

.85 

.76 

.768 

120 

.72 

.80 

.79 

.766 

150 

.7U 

.76 

.79 

.760 

180 

.75 

.78 

_ 

- 

90mm  HEAT.  T108 

MU8 

TU3 

T3U/85 

JS  III 

0 

.60 

.53 

.75 

.702 

30 

.67 

.52 

.79 

.637 

60 

.72 

.7U 

.76 

.623 

90 

.66 

.8U 

.76 

.713 

120 

.71 

..79 

.79 

.737 

150 

*7l. 

• 1 H 

.?U 

.75 

.629 

130 

.75 

.78 

- 
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TABLE  XVI  (Continued) 


Angle  of 
Attack 

(deg)  75mm  HEAT.  M66 


M}*8 

Tl*3 

T3U/05 

JS  III 

0 

.02 

.05 

.53 

0 

30 

.07 

.06 

.53 

0 

60 

.2? 

.37 

.61 

0 

90 

•1*1* 

.56 

.71* 

.501* 

220 

.34 

.50 

.60 

.171 

150 

• 35 

.33 

.13 

0 

-180 

.61* 

.67 

- 

- 

105mm  HEAT.  M67 

MU8 

Tl*3 

T3L/85 

bS  III 

0 

.OS 

.30 

.60 

.063 

30 

.20 

.15 

.62 

0 

60 

.55 

.53 

.61 

.099 

90 

.65 

.63 

.75 

.596 

120 

.63 

.62 

.63 

.576 

ISO 

.53 

.51 

.53 

0 

180 

.72 

.71* 

- 

- 

METHODS  OF  DATA  ANALYSIS 

The  reduction  techniques  of  damage  data  for  tanks  have  not  yet 
provided  simple  indices  for  the  measure  of  the  probability  of  a given 
round  killing;  a tank.  Such  firings  assemble  basic  data  fran  firing  on 
obsolete  vehicles  to  provide  an  accurate  estimate  of  vulnerability  of 
new  or  proposed  tanks  that  have  not  been  fired  on.  The  problem  here  is 
to  use  a small  number  of  actual  firings  to  give  reliable  overall  danu&D 
probability  estimates. 


The  technique  of  data  reduction  is  influenced  by  what  the  data  are 
to  be  used  for.  One  use  is  the  comparison  of  the  effectiveness  of 
specific  weapons.  A second  is  estimation  of  the  number  of  weapons  needed 
to  counter  an  enemy  force.  Assembly  of  data  on  relative  kill  probability 
on  the  particular  target  tanks  used  5r.  experiments  provides  a reservoir 
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cf  knowledge  the  analyst  must  assimilate  prior  to  making  an  estimate  cf 
a weapon's  effectiveness  or  computing  a kill  probability  against  any  target 
type. 

Two  principal  methods  are  used  for  data  reduction.  These  are  called 
the  vulnerable  area  method  and  the  distributed  area  method.  The  "vulner- 
able area  method"  is  used  when  the  target  is  small  compared  to  the  dis- 
persion of  hits  on  tho  target.  The  "distributed  area"  method  is  used 
when  the  dispersion  of  the  hits  is  small  compared  to  the  size  of  the  target. 
Those  methods  and  some  approximations  that  have  been  made  are  discussed 
below. 

The  uistrjiiht-ed  Area  Method 

Hie  distributed  area  method  will  be  described  first  3ince  the  vulner- 
able area  method  i3  essentially  a simplification  of  it.  Consider  the  case 
when  the  probability  of  a hit  being  a kill  by  a projectile  of  high  velocity 
and  low  dispersion  is  desired  (such  as  the  ?Onn  'l'lll  round  against  the 
JSIII) . Terminal  ballistic  damage  data  of  this  round  on  the  T26Eh  tank 
are  first  assembled.  These  data  include  both  the  numerical  and  descriptive 
assessments,  examination  is  made  of  ihe  carnage  resulting  from  hits  on 
components  where  damage  is  obtained  only  a part  of  tho  time,  such  as  the 
suspension,  the  turret  ring,  hull  in  front  of  driver's  controls,  etc.  For 
many  other  areas  kill  probability  will  depond  only  upon  probability  of 
perforating.  Numerical  assessments  of  damage  for  various  types  of  rounds 
are  compared  to  see  if  terminal  ballistic  damage  after  Derforation  is 
comparable  (as  are  the  90mm  TIOd  rid  and  the  3»5  inch  rocket).  Examination 
of  the  perforating  and  non-perforating  hits  is  made  to  determine  reliability 
of  fuze  action  of  chemical  energy  rounds. 

Vulnerability  drawings  of  the  target  tank  are  prepared  which  show  the 
arrangement  of  the  interior  comconents  to  tho  line  of  fire  (see  Fig,  2) 

Using  an  overlay  grxu  the  probability  of  a hit,  the  chance  of  nerforating 
and  probability  of  a perforation  being  a kill  are  entered  into  each  square 
for  a given  point  of  aim. 

The  probability  of  a perforation  being  a kill  is  determined  by 
estimating  the  fragment  pattern  and  the  expected  damage  of  the  jet. 

Reference  to  the  qualitative  description  of  damage  from  each  round  is 
used  here.  Numerical  damage  is  computed  by  combining  the  damage  from 
components  lying  in  the  path  of  the  jet  and  fragments  by  the  formula 

rM  - 1-(1-Pa)  (1-Pb)  d-rc)  (i  :k; 

where  PM  is  the  probability  of  M damage  occurring. 

F is  the  -'Crcent  of  M damage  resulting  from  a hit 
on  component,  "a"  , etc. 
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This  calculation  is  carried  out  for  M,  F and  X damage  for  several 
views  about  the  tank  and  hit  probability  figures  are  varied  for  each  ran(-e. 
By  summation,  the  probability  of  an  aimed  round  killing  as  a function  of 
range  r and  azimuth  6 is  obtained.  These  data  can  be  combined  with  the 
expected  angu.'.  at  and  range  frequency  of  attack  to  give  an  overall  figuro 
of  the  vulnerability  of  one  tank  to  an  antitank  gun  firing  a certain  round. 
Such  values  have  been  computed  in  the  following  table  taken  partly  from 
Ref,  2I4 , 


TABLE  XVII 

PROBABILITY  OF  KILLING  JSIII  TANK 


Projectile 

Kill  Catepory 

M 

F 

K 

90mra  HEAT  T108 

.50 

*U7 

.h L 

5"  0u  Liner  H.C.  (assumed 

same  dispersion  as  90T108) 

.66 

.66 

.60 

All  shots  are  aimed  fire  without  range  finder  at  center 
of  largest  concentration  of  target  vulnerable  area. 

Answer  averaged  using  range  and  angular  distribution 
functions  of  BRL  M$90  ref.  25. 

Another  calculation  made  for  the  front  of  the  JSIII  compares  the 
90m»  T108  HEAT  round  and  the  10$ram  BAT  HEAT  round  fired  at  the  JSIII 
Tank*  The  T108  round  is  fired  under  the  conditions  of  Table  XVII  above 
and  the  BAT  guns  were  fired  in  a salvo  of  two  using  a spotting  rifle  for 
aim*  No  mis-match  in  the  spotting  “ifle  and  the  105mm  rifles  was  assumed, 
(at  tue  present  the  mis-match  is  such  that  the  values  for  the  BAT  rounds 
beyond  liiOO  yards  will  not  be  appreciably  higher  than  that  for  the  T108 
round). 


TABLE  XVIII 


COMPARISON  OF 

EFFECT  OF  1V0 
OF  90nm  T108 

105mm  BAT  ROUNDS  WIT?!  EFFECT 

ROUW) 

Rang*}  - Yd 3 

Probability 
on  Front  of 

of  F Dan  ago 
JSTII 

90rvn  T.  “8 

105-..  BtT 

900 

.33 

.33 

1000 

.10 

.25 

1500 

-oh 

.16 

2000 

,0? 

,10 
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The  Vulnerable  Area  Method 

The  vulnerable  area*  which  is  the  product  of  the  hit  nrobaoility  or. 
the  presented  area  and  the  probability  of  a random  hit  on  this  area  being 
a kill,  is  computed  from  the  overlay  of  figure  2 by  merely  assuming  a 
uniform  hit  probability  in  each  square  > It  is  assumed  that  the  point  of 
•via  may  bo  anywhere  on  the  tank.  There  is  no  range  effect  to  be  considered 
for  shaped  charge  ammunition.  Many  of  the  present  day  shapcc.  chary:  rcunus 
have  sufficient  dispersion  for  hits  to  be  considered  in  this  manner. 

■cvcral  calculations  have  been  carried  out  on  tank  vulnerability  using  this 
method  and  are  included  in  the  following  table.  Probabilities  are  giver; 
in  terms  of  either  vulnerable  area  or  the  probability  of  a randan  hit  being 
a kill,  the  vulnerable  area  be inn  the  latter  probability  multiplied  by  the 
presented  area  of  the  tank. 

TABLE  XIX 

VULNERABLE  AREAS  OP  JSIII  TANK  TO  GROUND  ATTACK 
BY  SHAPED  CL ARCH  ttOU.lDS  - FT2 


Angle  of  Attack  Hound 


6.5"  ATAR 


Cu  Liner 


90mm  TIOc 


Front 

M F 
39  3U 

K 

21 

M 

32 

F 

23 

K 

lU 

M 

5 

Y 

6 

A 

3 

60° 

77  51 

31 

68 

37 

23 

30 

20 

6 

Side 

75  51* 

33 

76 

U7 

27 

35 

28 

11 

120° 

71*  51 

30 

73 

1*2 

21* 

1*1 

21* 

11* 

To  convert  from  vulnerable  area  to  probability  of  a kill,  the  total 
Dresented  areas  are  needed. 


Angle  of 
Attack 

Front 

60° 


TABLE  XX 

PWSSiiNTED  AREA  OF  JSIII  TANK*  - FT2** 
Ultimate  Penetrable 
Area 

3h 

82 

Ik 

86 


Total  Area  Including 
Suspension 


* From  ref.  2U, 


The  probability  of  a random  hit  causing  a kill  averaged  over  the 
expected  angles  of  attack,  f (y)  * ^ (l  + Cos  y)  is  given  in  the  following 

table  and  may  be  compared  with  Table  XVII  which  gives  the  same  figure  for 
aimed  fire  averaged  over  the  expected  ranges  of  engagement. 
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TABLE  HI 

PROBABILITY  OF  RANDOM  HIT  FALLINQ  ON  TOTAL 
FRESENTLD  AREA  OF  JSIII  CAUSING  KILL 


Projectile 

Kill 

Cate 

Rory 

H 

F 

K 

90mm  T108 

.18 

.12 

.05 

5"  HC  (Cu  lined) 

•1*9 

.30 

.17 

6.5"  ATAR  (Steel  Lined) 

.55 

.la 

.26 

Comparison  of  Tables  AVII  and  XXI  shows  the  requirement  for  larger  shaped 
charge  rounds  when  inaccurate  fire  is  to  be  used* 

The  following  table  gives  a summary  of  vulnerable  areas  on  the 
i3h/8$  Russian  Tank  to  the  2.36  in  and  3*5  in  Rockets. 

TABLE  mi 

VULNERABLE  AREA  OF  T3U/85  - FT2 

Ground  Attack 


Angle  of  Attack 

Presented 
Area  Ft2 

2, 

,36  heat  M6 

hi 

" HEAT  M28 

M 

f 

K 

M 

F 

K 

Front 

U5 

7 

5 

I; 

9 

6 

5 

U5° 

95 

16 

11 

8 

20 

13 

9 

Side 

97 

36 

17 

15 

37 

21 

16 

135° 

95 

35 

lh 

11 

1*0 

17 

lh 

Boar 

U5 

23 

5 

5 

25 

6 

6 

i°  Air  Attack 

Front 

87 

19 

17 

15 

21 

19 

16 

U5° 

135 

30 

16 

lli 

35 

21 

17 

Side 

1U0 

38 

18 

16 

U5 

23 

19 

135° 

135 

U5 

17 

J-4 

51 

90 

17 

Rear 

87 

al 

0 

1 

6 

U6 

9 

n 

1 

29h 


CONFIDENTIAL 


confidential 


Table  XXIII  gives  the  vulnerable  area  of  the  M2 6 to  the  3*5  inch 

rocket. 

TABLE  XXIII 

VULNERABLE  AREA  OF  M26  TO  3.5"  ROCKET  Ft2 


Angle  of  Kill 

Attack  Category 


♦ * 

.'i 

A* 

K 

Front 

7 

7 

2 

30° 

18 

11 

6 

60° 

29 

16 

11 

Side 

36 

23 

17 

o 

o 

3 

33 

16 

11 

150° 

27 

8 

5 

ieo° 

22 

2 

1 

tone  calculations  using  an  approximation  of  the  vulnerable  area 
technique  have  been  made  using  the  product  of  the  probability  of  a 
perforation  averaged  over  the  expected  angles  of  attack  and  the  prob- 
ability of  a kill  in  the  unamored  components  of  the  tank  averaged 
over  the  expected  anrles  of  attack.  Calculations  wore  made  for  the 
average  of  the  front  and  sides  of  the  tanks  only.  These  calculations 
approximate  the  probability  of  a random  hit  being  a kill  on  the 
ultimate  penetrable  area,  which  is  the  penetrable  area  a tank  presents 
to  a round  of  infinite  penetration. 

TABLE  XXIV 


APPROXIMATE  PROBABILITY  OF  A RANDOM  HIT  ON  ULTIMA!*.  PEUETRARj.E 
AREA  OF  SEVERAL  SOVIET  ARMORED  VEHICLES  GIVING  A KILL 


Tank/Round 

76mm  HEAT 

90mm  HEAT 

105mm  HEAT 

M F X 

M F K 

M F K 

JSIII 

.20  .16  .06 

.37  .31  .16 

.50  .41  .24 

T3U/05 

.46  .36  .22 

.U7  .39  .23 

.53  c42  .26 

jsu  152 

.44  .34  .19 

.49  .LO  .24 

.53  .42  .26 

su  100 

•44  .34  .19 

.4?  .40  .23 

.54  .44  .27 

Tank/Round 

Energa  Rifle  Grenade 

M F 

K 

JSIII 

.09  .08 

.04 

T3U/85 

.38  ,31 

.17 
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A rough  check  of  the  consistency  of  these  approximations  can  be 
made  by  comparing  Tables  XX  and  XXI.  This  check  shows  tnat  the  values 
shown  for  the  90mm  T106  Y8=  the  JSni  shown  in  Table  XXI  should  be 
approximately  half  of  those  shown  in  Table  XX27,  which  is  approximately 
so. 

Evaluation  of  Present  Methods  of  Analysis 

'Che  present  methods  of  analysis  are  not  completely  satisfactory,, 
Fairly  reliable  estimates  of  the  probability  of  a hit  causing  a kill  can 
be  made  but  the  method  is  tedious.  Additional  data  is  needed  to  reduce 
the  subjective  elements  of  damage  assessment.  Further  reduction  of 
existing  damage  data  should  help. 

The  computation  of  vulnerability  by  considering  the  chance  of  « 
kill  after  perforation  on  each  small  area  is  cumbersome.  However,  it  is 
reasonably  reliable  and  until  a body  of  this  reliable  information  is 
assembled  approximations  must  be  viewed  with  suspicion. 

The  method  of  analysis  does  not  yet  accurately  account  for  the 
transition  point  between  the  inaccurate  lire  where  vulnerable  areas  can 
be  used  and  accurate  fire  where  the  distributed  area  technique  can  be 
used.  Where  the  gunner  starts  aiming  at  spots  on  a tank  rather  than  the 
whole  tank  as  a target  is  net  known  and  probably  will  depend  to  some  extent 
on  the  training  of  the  gunner. 

Future  analysis  will  be  heij»ed  by  witness  plate  data  such  as  the 
British  have  been  obtaining  for  many  years.  However,  there  appears  little 
likelihood  that  the  vulnerability  of  a tank  can  be  computed  from  syntheses 
of  many  tests  made  only  with  simulations  of  tanks*  The  analyst  of  vulner- 
ability must  never  be  misguided  into  the  assunption  that  an  exact  measure- 
ment made  of  an  assumed  condition  (such  as  the  box  tests  represent)  can  be 
used  to  th6  exclusion  of  tho  inexact  measurement  of  the  real  condition 
(vulnerability  firings  at  vehicles). 
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Proving  Ground,  March  1953. 

2U«  BRL1N  592  - A Partial  Evaluation  of  the  Comparative  Effects  of  the 
90n3n  T108  HEAT  Round  Against  The  Russian  JSIII  Tank 

25.  BALM  590  - Range  and  Angular  Distribution  of  AF  Hits  on  Tanks 

26.  BRLTN  735  - Vulnerability  Firing  Against  Tank  F\iel  Containers 
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API  FAT) IX  I 

AMERICAN  iirJiT  AMKUNiTl  Oisi 


Cartridge,  HEAT,  T108,  90mm  Gun  

Grenade,  Rifle,  HEAT,  M31  (T37EU)  

Rocket,  HEAT,  3.5“  T230  

Grenade,  Rifle,  HEAT,  M2 8 (Energa)  Till.  . . 

Shell,  HEAT,  M307A1  for  07mm  Rifle  .... 

Shell,  HEAT,  M310A1  for  70mm  Rifl 

Rocket,  HEAT,  M2 8 (T80E2)  

Rocket,  HEAT,  T2O0,  3.0"  

nsv.bv.4-  mo  o 7c?n 

• •wvitv  V|  * « *Ht|  i.  • | / *bwe>w  •••••ft*. 

Shell,  HEAT,  M67,  100mm  Howitzer  

Shell,  HEAT,  H32U  (Tli3)  for  100mm  Rifle  . . 

Shell,  HEAT,  M3lUi  (T119E11)  for  106ron  Rifle 
Shell,  HEAT,  M66  for  70mm  Howitzer  .... 

NOTE:  Specific  penetration  performance  for  the  ammunition  described 
in  tRis  appendix  ia  not  given  here.  A list  of  some  of  the  most  use- 
ful references  where  jTenetration  data  may  be  found  ia  given.  Pene- 
trations are  not  given  here  for  one  or  more  of  the  following  reasons: 

a.  Much  of  the  data  expresses  penetration  performance  in  terms 
of  complete  or  incomplete  perforation  of  a given  target 
thickness  instead  of  absolute  penetration. 

b.  Target  materials  used  to  obtain  penetration  data  are  sometimes 
insufficiently  described  to  pornit  use  of  data  reported. 

c.  Penetrations  given  are  frequently  achieved  with  experimental 
modifications  of  the  round  which  do  not  permit  it  to  be  con- 
sidered as  typical. 

d.  Much  of  the  penetration  data  which  can  be  found  was  obtained  by 
probing  the  hole  in  the  target.  The  error  possible  in  3uch  a 
determination  of  penetration,  because  of  variations  in  slug 
length,  and  of  the  amount  of  jot  material  deposited  in  the  bottom 
of  the  hole  suggost3  caution  in  citing  this  data  for  penetration » 

All  references  cited  are  available  at  the  Technical  Information  Branch 
Aberdeen  Proving  Ground,  Maryland,  Abbreviations  used  in  designating 
references  are  as  follows: 

AFF  - Arry  Field  Forces 

AKt-FR  - Aberdeen  Proving  Ground 
Firing  Record 

NkVOPD  - Navy  Ordnance  Reports 

NFG  - Naval  Proving  Ground 
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00  M - Ordnance  Committee  Minutes 
0C0  - Office,  Chief  of  Ordnance 
CIO  - Ordnance  Intelligence  Office 
TM  - Technical  Manual 
'.DA  - Weapons  for  Defeat  of  Armor 
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CARTRIDGE,  HEAT,  TI08,  90MM  GtJN  W/FUZE  PIBD  T208E7 

Reference:  WDA,  OCO,  Vol  1,  Apr.  1953 

Muzzle  Velocity:  2800  f/s 
Explosive  Charge:  Composition  B 

Reference:  OCM  33185,  16  Feb.  1950 

Penetration  Requirements:  Through  5"  of  Homogeneous  Armor  at  60°  Obliquity 
Penetration  References: 

AFGFR  492C0,  3ept.  1851  Al'O  FR  55338  Oct.  1952 

A PC*  FR  51366,  Apr.  1952  APG  FR  55812,  Mar.  1953 

APG  FR  52898,  Aug.  1952  APG  FR  P-59892  (Not  yet  published) 

WDA  OCO,  Vo).  1,  Apr.  1953 
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OREHADE.  RIFLE,  HEAT , H31  (T37SU)  W/frUZE,  OREHADE  RIFLE,  PIBD  Sll 


Reference:  AIT  Board  Ho*  3 Report  P25U3,  Mar.  1953 

Fin  Stabilised 
Cone  Characteristics: 

teiterial:  Copper 

Apex  Angle:  U5° 

Cone  Diameter*  2"  (Approx.) 

Explosives:  0.78  lb . Composition  B 
Total  Weight:  1.6  lb. 


Hoferer.cn:  '.DA,  OCC,  Vol.  2,  Nov.  1953 

This  round  is  to  replace  Qrenade,  Rifle,  M28 


Penetration  References: 

APO  Report,  Project  TA3-5911/1»  dune  .1952 
AFO  Report,  Project  TA3-5911/2,  July  1952 
APO  Report,  Project  TA3-5911/3,  Nov.  1952 
WDA,  OCO,  Vol.  2,  Ncv.  1953 


ROCKET,  HEAT.  3.5” . T230 


Rsforence:  ViDA,  OCO,  Vol,  2,  Nov,  1953 

Similar  in  most  respects  to  the  T205  except  that  the  round  wi‘|T  have 
a maximum  velocity  of  700  f ps . Total  weight  of  round  is  to  be  U.5  lb. 
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GRENADE,  RIFLE,  HEAT,  M28  (FNERGA)  T41 
Reference:  WDA,  OCO,  Vol.  2,  Nov.  1953 

This  round  Is  the  American  version  of  the  Belgian  Energa  and  is  to  be  replaced  by  Grenade, 
Rifle,  HEAT,  M31 

Reference:  AFF  Board  No.  3 Report  P2543,  Mar.  1954 
Muzzle  Velocity:  174  f/s 
Reference:  OlO  325,  Sept.  1947 

Explosives:  0.75  1b.  Composition  B 

Total  Weight:  1.45  1b. 

Penetration  References:  A?G  Rc-po.»,  Project  Ta3-591  1/1,  .,un.  1952 
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SHELL,  TEAT  M307A1  FCR  g?HH  RriCOlLLESS  RIFLE 

Reference:  Ord,  Dwg*  75**2-35i»»  28  Apr,  1953 

Linor  Characteristics: 

Hemispherical  type  with  Spitback  Tube 
Material:  Copper 

Wall  Thickness:  .0U8" 

Liner  Diameter:  1,6"  (Approx.) 

Radius  of  Curvature:  0 ,8U" 


Reference:  Firing  Table 
% 

'tuazle  Velocity: 
Rifling: 

Spin  Rate  of  Shell: 
Penetration  References : 


FT57-E-1 
1200  f/s 

1 Twist/30  Caliber 
213  Revolutions /sec . 

A PC  FU  PUr028,  21-28  Apr.  1951 


SHELL,  HEAT,  M310A1  FCR  75MM  RECCILLZ5S  RIFLE 

Reference:  APG  FR  505U6,  6 Nov,  1951 

Striking  Velocity:  1000  f/s 

Reference:  Ord.  Dvg.  75-2-315*  17  Mar.  1953 

Cone  Characteristics: 

Material:  Copper 

Wail  Thickness:  ,073” 

Cone  Diameter  2.UH  (Approx.) 

Apox  Angle:  U2 

NOTE:  The  sane  liner  a3  is  usod  in  the  75mn  Howitzer 
HEAT  round  M66  is  usod  in  this  round. 

Reference : Firing  Table  FT-75-BB-2 

Jfuzzle  Velocity*  1000  f/s 

Rifling:  1 Tw3ot/-<<  C*“.U..«3r 

Spin  Rate  of  it-ell:  185  Revolutions /s ec . 
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ROCKET,  HEAT,  M28,  (T80E2) 

Reference:  OCM  32304,  Aug.  1948 

Modified  to  M28A2  by  replacing  the  base  fuze  P.  D. 

T200GE2 

Fin  Stabilized 

Muzzle  Velocity:  325  f/s 

Explosive:  1.93  1b.  Composition  B 

Reference:  Ord.  Pwg.  82-5-131,  28  Mar.  1952 

Cone  Characteristics: 

Material:  Copper 

Wall  Thickness:  . 093" 

Cone  Diameter  (Approx. ):  3.  08" 

Apex  Angle:  42° 

Penetration  Requirements: 

Defeat  12"  of  armor  60%  of  the  time 
Defeat  11"  of  armor  100%  of  the  time 

Penetration  References: 

AFF  Board  No.  3,  P-2579  APG  FR  R2889,  Jui.  1952- 
APG  FR  R2888,  Jul.  1952  APG  FR  R2890,  Jul.  1952 
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ROCKET,  HEAT,  T205,  3.  5”  W/FUZE  PIBD  T2030 

Reference:  APG  Report,  Project  TU-2-1015  A/1,  Jul.  1953 

Cone  Characteristics: 

Material:  Copper 

Wall  Thickness:  .075" 

Cone  Diameter:  3.  09" 

Apex  Angle:  45° 

Muzzle  Velocity:  440  f/s 

Explosive:  1.  5 lb.  Composition  B 

Reference:  OCM  32753,  Feb.  J949 

Penetration  Requirements: 

Defeat  12"  of  Armor  at  0°  Obliquity  ) 

Defeat  7.  9"  of  Armor  at  45°  Obliquity)  90%of  the  time 
Defeat  4.7"  of  Armor  at  60°  Obliquity) 

Accuracy  Specifications: 

75%  probability  of  hitting  a target  7’  wide  x ft'  high 
at  500  yards  with  first  round. 

Penetration  References: 

APG  FR  3036,  Jun..  1953  AFG  Report,  Project 

TU2- 1015  A/1,  Jul.  1953 


COKFiDENTiAL 


SHELL,  HEAT,  M67,  105MM  HOWITZER 

Reference:  Orel.  Bwg.  75-4-107,  29  Aug.  1950 

Cone  Characteristicn: 

Material:  Steel 

Wall  Thickness:  . 103" 

Cone  Diameter:  3. 23"  (Approx. ) 

Apex  Angle:  42° 

Reference:  Complete  Round  Chart,  Apr.  1954 
Explosive:  2.  93  lb.  Composition  B 


Reference:  Firing  Table, 

Muzzle  Velocity: 
Rifling: 

Spin  Rate  of  Shell: 


FT  105-H-4 
1020  f/s 

1 Twist/20  Caliber 
148  Revolutions/second 


Penetration  References: 


APG  FR  33438,  Sept.  1944 
APG  FR  34445,  Uov.  1944 
APG  FR  36802,  Ap;r.  1945 
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SHELL,  HEAT,  M324  (T43)  FOR  105MM  RECOILLESS  RIFLE 

Reference:  Ord.  Dwg.  75-4-107,  29  Aug.  1950 

Cone  Characteristics: 

Material:  Copper 

Cone  Diameter:  3.23’’  (Approx.) 

Wall  Thickness:  .103" 

Apex  Angle:  42° 

The  cone  dimensions  are  identical  with  the  cone 
prescribed  for  the  105mm  M67  shell. 

Explosive:  3.00  lb.  Composition  B 

Spin  Stabilized  (Pre-engraved  Band) 

Muzzle  Velocity:  1250  f/s 

Penetration  References: 

APG  FR  48650,  18  Jvl.  1951  APG  FR  52363,  23  Jul.  1952 

Reference:  Firing  Table  FT  105-AH-2 

Muzzle  Velocity:  1250  f/s 

Rifling:  1 Twist/20  Caliber 

Spin  Rate  of  Shell:  181  Revolutions/sec. 


?:'.n 
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SHELL,  HEAT,  M344,  (T119E11)  W/F  PIBD 
T208E7  (ELECTRIC)  FOR  106MM  RIFLE 

Reference:  OCM  34899,  1 Jul.  1953 

Folding  Fin 

Explosive:  2.79  1b.  Composition  B 

Muzzlt  Velocity:  1650  i/s 

Reference:  Ord,  Dwg.  75-2-510,  31  Mar.  1954 

Cone  Characteristics: 

Material:  Copper 

Wall  Thickness:  .100" 

Cone  Diameter:  3.  56" 

Apex  Angle:  42° 

Penetration  References:  1st  Memorandum  report  on  the 

"Lethality  Tests  of  106mm  Shell, 
HEAT,  T119E11  «M344)  "Pro- 
ject TA1-1540  Jul.  1954,  from 
APG  to  OCO. 
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Ord.  Dug* 


75-2-3X5,  Rot,  17  Mm*.  1933 


Com  Characteristics: 

Material:  Copper 

WaU  Thickness:  .073’* 

Cone  Diameter : 2*^"  (Apprcoc.J 

Apex  Angle:  U2 

Satploeives:  Tib*  Composition  B 


Reference:  Firing  fable  FT-75-1-3 


Hassle  Velocity: 


Rifling: 

Spin  Rate  of  Shell: 


1000  f/a 

1 TKist/20  Caliber 
200  Revolutions /sec. 


Penetration  References: 


AK»  PR  P33263,  Sept.  19M 
AP0  FR  U8U2U,  Mar.  1951 


310 

CCiTJFIPKNTIA  L 


CAVwmrMnnrii  t 

V/I'  P 1UQ11 1 X i/Uj 


APPI'NDIX  II 

FOREIGN  TYPES  OF  AMMUNITION  (SOVIET) 


Soviet  HEAT  Projectile  for 

12mm  How,,  Mod  -33  ..........  3 12 

Soviet  lEbrfVT  Projectile  for 

76.2mm  Regt.  Gun  Mod  - 27  ........  313 


Hollow  Charge  Shell  7.5cm  OR  38  .....  31U 

Soviet  Grenade,  Hand,  HEAT,  Model  RPG-6  » 315 

Soviet  Grenade,  Hand,  AT,  Model  19U3  . . . 316 

RPG  1*3 

Intelligence  Reports  o.i  Miscellaneous  . » 317 

Soviet  HEAT  Ammunition 


NOTES:  All  references  cited  are  available  at  the  Technical  Information 
Branch,  Aberdeen  Proving  Ground,  Maryland.  Abbreviations  used  in 
designating  references  are  a3  follows: 

DA-PAM  - Department  of  the  Army  - Panphlet 
OIN  -fOrdnance  Intelligence  Number 

(Ordnance  Technical  Intelligence  Office 
OTIO  - Ordnance  Technical  Intelligence  Office 

OTIS  - Ordnance  Technical  Intelligence  Section 

ST-F  - Special  Text  - Foreign 

TM  - Technical  Manual 

As  will  become  apparent  from  a perusal  of  the  following  pages,  there 
is  a severe  lack  of  information  regarding  Soviet  Ammunition. 
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SOVIET  HEAT  PROJECTILE  F 

References: 


ST-F-87  p.  261  OIN 

in'  p.  12  oin 

OJN  545  J vjiN 

OIN  4020  OIN 


Cone  Characteristics: 

Material:  Ferrous,  Cast 

Wall  Thickness:  . 106" 

Apex  Angle:  40° 

. o in  ik 

uApiyui  • w • Wt  jm.aUwwi 

Penetration  against  homogeneous  armor  p 


F-87  p.  19 
F-86 
F-74  • 


VMghf  of 
Explosive 

NOT£:  T: 


CONFIDENTIAL 


HOLLOW  CHARGE  SHELL,  l.$CLl  OR  38 


Beferencest 


ST-F-87  p.  190-193 

ST-F-66 

ST-F-7U 

ID566910,  p.  109 
TH  30-21*0,  p.  51* 


OIN  3352 
oin  1*61? 

OIN  33.97 
OIN  U178 

OTIO  Dwg.  No*  22 


Static  Fired  Penetration!  1.8"  at  30°  Obliquity 

2.17"  «t  0°  Obliquity 
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Kl 
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(T)  HANDLE  ASSEMBLY  0 SAFETY  CAP  { CH 

sovi—  r grenade, 

Reference:  DA  PAM  30-2,  p.  13 

Penetration:  Up  Lo  3.04"  armor 
Reference:  DA  PAM  30-50-1,  p.  102 
Elfective  against  concrete  pillboxes 


©Handle  Assembly 
©Safety  Lever 
© Stabilising  Ribbon 

©Safety  Cap  (Check  Ball  Retainor  Cap) 

® Pull  Pin  and  Tab 

©Striker 

©Striker  Retaining  Pin  and  Spring 
©Anti-Creep  Spring 
©Striker  Body 
©Striker  Lock 

©Detonator  Booster  Assembly 
©Grenade  Body 
©Check  Ball 


3,  HEAT,  MODEL  RPG-6 

Reference:  OIN  5050,  p.  4 

Explosive  Filler: 
Average  Range: 


TNT 

17-25  yds. 
20  yds. 
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(!  ) Handle  Assembly 
(.^Safety  Lever 
i Pull  Pin  and  Ring 
(i,  Stabilising  Cap 
"ii  Stabilising  Cap  Spring 
(£)  Fabric 
(?)  Safety  Pin 
(^Safety  Screw 

(lilDetonator  Booster  Assembly 
tfiilGrenade  Body 
(ii)Safety  Spring 
([^Firing  Pin 
(ylClosing  Cap  Disc 
(fi)Closing  Cap 


SOVIET  GRENADE,  HAND,  AT,  MODEL  1943  RPG  43 

Rc'  :*ence:  APG-OS-5n!-<" 

Weight  of  Grenade:  1,  200  i?ms. 

Penetration  in  Armor:  Up  to  1 5mm 

Not  recommended  for  use  against  the  track  of  suspension  system  of  a tank. 
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INTELLIGENCE  REPORTS  ON  SOVIET  ilEAT  AMMUNITION 


ftmzerfau3t;  A copy  of  the  German  Pinzerfaust  150  which 
had  a range  of  165  yards  and  the  ability  to  penetrate  b" 
into  armor,  Refs  DA- PAM- 30-2 


Rifle  Grenade  Model  VPT-S-^l:  Armor  Denetration  sriven  as 
T7P  SeTs  DA- PAM-30-2 


Hand  Grenade,  Model  RQ-R3:  Effective  against  armor  up  to 
thick.  Refs  1A-PAM-3C-2 
Average  ;\ange:  17-22  yds.  Oil- PAM -30-50-1 
Explosive  Fillers  1.35  lbs  cyclotol  OIN  5050 


Anti-Tank  Rifle  Grenade,  VPO 

Ref:  OTIS  File 
Range:  50-75  meters 

Explosive  Charge:  33iigms.  of  Compressed  TNT 
Penetration:  Amor  at  60°  Obliquity:  30mm 
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APPENDIX  III 
FOREIGN  (MISCELLANEOUS) 


Heller 320 

8cn  Oerlikon 321 

Panzerschreck  322 

Panzerfaust  , 323 


NOTEi  All  references  are  available  at  the  Technical  Information  Branch, 
Aberdeen  Proving  Ground,  Maryland.  Abbreviations  used  in  designating 
references  are  as  follows: 

CARLE  - Canadian  Armament  Research  and  Development  Establishment 

NAVORD  - Navy  Ordnance  Reports 

APG-FR  - Aberdeen  Proving  Ground  - Firing  Record 

ID  - Intelligence  Department 

Qrdnanoe  Technical  Intelligence  Office 


PELLET,  (TtTRVL) 
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Total  Weight  of  Round:  8.  5 lb. 

Muzzle  Velocity:  720  f/s 

Dispersion  at  500  yds:  1.  2 mils 

Penetration:  10  to  11"  homogeneous  armor 
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6CH  QEltLIKUii  (SWISS)  AIRCRAFT  ROCKETS 

Reference!  Navord  Report  1901)  16  Aug*  1531 

Weight  of  Explosives  l«b.  IV  . 

Maxijssun  Spin  Rate  Due  to  8 Canted  Kosslos:  1200  r<- 
Renetration  into  Plate!  At  0°  Obliquity:  7 »09" 

Referenoet  APQ  Firing  Record  R-2617*  26-28  Feb.  1951 

Explosive  Loading:  Pentolite 
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PANZERSCKRECK 

Reference:  ID  245677/13,  dated  1948 

Maximum  Range;  150  meters 
Penetration:  7.9'1  Armor 
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PANZERFAUST 

References:  ID  845677/13  dated  1949  DA  - PAM  30-2,  p.  22 

Explosive:  3. 5 lb.  55/45  Cyclotol 
Penetration:  7.9"  Armor 
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APPENDIX  I V 


SOVIET  ARMOR 


Tank,  Soviet,  JS  HI 326 

Tank  Soviet  T3UA5 ^ 

SaLf«£Vopelled  Gun,  Soviet,  SU-1GO  . 328 
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DISTRIBUTION  LIST 


No  . o f 
Copies 


Or^anlaatlon 


No.  of 
Copies 


6 Chief  of  Ordnance  2 

Department  of  the  Army 
Washington  25#  0,  C, 

Attn:  ORDTB  - Bal  Sac  - 1 cy 

ORDTA  - 1 cy  . 

ORDTS  - 1 cy  J 

ORDTT  - 1 cy 
ORDTU  - 1 cy 
OHDTX-AR  - 1 cy 


10  British  - ORDQU-SE,  foreign 
Ralationa  Section  for 
distribution 

2 cys  - British  Joint  , 

Services  Mission 

Attm  Miss  Mary  0.  Soott 

3 cys  - A.R.K.,  Of  interest  to: 

W.  E.  Soper 

A.  Highfield 

J , Lyall  5 

7 Canadian  Joint  Staff  - 
ORDQU-SE,  Foreign 
Relations  Section  for 
distribution 

Of  interest  to:  C.A.R.D.E.,  1 

Valcartier 
R,  F.  Wilkinson 
Edvard  Greenwood 
W,  B.  McKay 
MaJ.  J.  M.  Said on 
Mr,  R.  W,  Foster 
Dr.  A.  L,  V'rlght 

5 Chief,  Bureau  of  Ordnance 
Department  of  the  Navy 
Washington  25,  L.  C.. 

Attn:  Re3 

Ke2c  - Hr.  J.  S.  McCorkle 


Organization 

Commander 

Naval  Proving  Grounu 
Dahlgren,  Virginia 


Commander 

Naval  Ordnance  Laboratory 
White  Oak 

Silver  Spring  19,  Maryland 
Of  Interest  to* 

Dr.  S,  J.  Jacobs 
Dr.  0.  K.  Hartman 
Mr.  D.  T.  O’Connor 


Commanding  Officer 
Naval  Ordnance  Laboratory 
Corona,  California 
Attn:  Documents  Librarian 


Commander 

Naval  Ordnance  Test  Station 
Inyokern 

P.  0.  China  Lake,  California 
Attn:  Technical  Library 


Director 

Kaval  Research  Laboratory 
Washington  25,  B.  C. 

Attn:  Tach,  Information  Div 


Commander 

Naval  Air  Development  Center 
Johns vi lie , Pennsylvania 
Attn:  Aviation  Armament  Lab 
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No.  of  No.  of 

Copies  Organisation  Copies  Organisation 


2 Cormandant  2 

U.  S.  Marine  Corps 
Washington  25,  O.  C. 

Attn*  Div.  of  Aviation 

Plans  and  Polisies  Div. 

2 Chief  of  Staff  1 

U.  S.  Mr  Force 
Washington  25*  D.  C. 

Attn*  AFDRD  - AR 

2 Commander 

Wright  Air  Development  2 

Center 

Wright-Patterson  Air  Force 
Base,  Ohio 
Attn*  WGLG 

5 Director 

Armed  Services  Technical  2 

Information  Agency 
Documents  Service  Center 
Knott  Building 
Dayton  2,  Ohio 

At tat  DSC  - SA  3 

U ASTI A Reference  Center 

Technical  Information  Div. 

Library  of  Congress 

Washington  25,  D.  C,  1 

2 Atomic  • Energy  Corodssion 

1901  Constitution  Avenue 
Washington  25,  D.  C.  3 

Attn*  Division  of  Military 
Applications 

1 Los  Alamos  Scientific  Lab. 

P.  0.  Box  1663  2 

Los  Alamos,  New  Mexico 
Attn*  Do  ?.  Mac Dou gall 


Bureau  of  Mines 
USOO  Forbes  Street 
Pittsburgh  13,  Pennsyl vania 
Attn*  Chief,  lixplosive  & 

Physical  Sciences  Div. 

National  Advisory  Committee 
for  Aeronautics 
Ames  Aeronautical  Laboratory 
Moffett  Field,  California 
Attn:  Dr*  A.  C.  Charters 

Commanding  Officer 
Diamond  Ordnance  Fuze  Laboratories 
Connecticut  Avenue  at  Van  Ness  St., 
N.W. 

Wellington  25,  D.  C. 

Attn*  Ordnance  Development  Lab. 

Commanding  Officer 
Detroit  Arsenal 
Center  Line,  Michigan 
Attn:  Mr.  C.  B.  Salter 

Commanding  Officer 
Frenkford  Arsenal 
Philadelphia  37,  Pennsylvania 
Attn:  Mr.  H.  S.  IdpinskL 

Commanding  Officer 
Holston  Ordnance  Works 
Kingsport,  Tennessee 

Commanding  General 
Picatinny  Arsenal 
Dover,  New  Jersey 
Attn:  Technioal  Div. 

Commanding  General 
Redstone  Arsenal 
Huntsville,  Alabama 
Attn*  Technical  Library 
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No.  of 
Copies 

1 

3 

1 

1 

1 

2 

1 
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DISTRIBUTION  LIST 
No.  of 

Organisation  Copies 

Commanding  Officer  1 

Watertown  Arsenal 
Watertown,  Massachusetts 

Commanding  Officer 

Offloe  of  Ordnance  Research 

Box  CM 

Duke  Station 

Durham,  North  Carolina 

Professor  of  Ordnance 

U.  S.  Military  Academy  1 

West  Point,  New  fork 

Commanding  Officer 
Chemical  Corps  Chemical  & 
Radiological  Laboratories 
Arsy  Chemical  Center,  Maryland 

Commanding  Officer 
Engineer  Research  St  Development  1 

Lab. 

Fort  Bel voir,  Virginia 
Attn:  Technical  Intelligence 
Branch 

Chief  of  Engineer  a 
Department  of  the  Army 
Washington  25,  D.  C. 

Attn:  ENQNB 

Structure  Dev.  Branch  1 

Commanding  Officer 
Rook  Island  Arsenal 
Rock  Island,  Illinois 
Attn:  Mr,  Donald  L.  Meyers 

American  Machine  & Foundry  Co. 

■186  W.  Randolph  Street 

Chicago  1,  Illinois  5 

Attn:  Mr.  X.  H.  Jacobs 

Mechanics  Research  Dept. 

THRU:  District  Chief 

Chicago  Ordnance  District 
20?  West  Jackson  Boulevard 
Chicago  6,  Illinois 


Organ! sation 
Director 

Applied  Physics  Laboratory 
8621  Qeor^a  Avenue 
Silver  Spring,  Maryland 
Attn:  Mr.  H.  S.  Morton 

THRUi  Naval  Inspector  of  Ordnance 
Applied  Physics  Laboratory 
8621  Georgia  Avenue 
Silver-  Spring,  Mcxyland 

Armour  Research  Foundation 
3$  W.  33rd  Street 
Chicago  16,  Illinoie 

THRU:  District  Chief 

Chicago  Ordnance  District 
209  W.  Jackson  Boulevard 
Chicago  6,  Illinois 

Arthur  D.  little,  Inc. 

30  Memorial  Drive 
Cambridge  82,  Massachusetts 
Attn:  Dr.  W.  C.  Lothrop 

THRU : DJ  strict  Chief 

Boston  Ordnance  District 
Boston  Army  B&36 
Boston  10,  Mass. 

Budd  Manufacturing  Co. 

Red  Lion  Plant 
Philadelphia,  Pennsylvania 

THRU:  District  Chief 

Philadelphia  Ord.  Dist. 

1500  Chestnut  Street 
Philadelphia  2,  Penna. 

Carnegie  Institute  of  Technology 
Pittsburgh,  Pennsylvania 
Attm  Dr.  E.  M.  Pugh 

THRU*  District  Chief 

Pittsburgh  Ordnance  liiStrict 
200  Fourth  Avenue 
Pittsburgh  22 , Pennsylvania 
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Mo.  Of 
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Organisation 


Cornell  Aeronautical 
Laboratory,  Inc  0 
44 Genesee  Street 
Buffalo  21,  New  York 
Attn:  Mr.  Richard  A, 
Eldridge 
Special  Projects 
Dept, 

THRU*  District  Chief 

Rochester  Ord,  Diet, 
Sibley  Tower  Bldg, 
Rochester  U,  New  York 

E.  I.  du  Pont  de  Nemours  4 
Co.,  Inc. 

Eastern  Laboratories 
Qibbstown,  New  Jersey 
Attn:  Dr.  C.  0.  Davis 


No.  of 
Copies 


THRU: 


District  Chief 
Philadelphia  Ord.  Dist, 
1500  Chestnut  Street 
Philadelphia  2,  Penna. 


Firestone  Tire  and  Rubber  Co. 
Akron  17,  Ohio 
Attn:  E,  W.  Ford 
H.  Winn 


THRU:  District  Chief 

Cleveland  Ord,  Dist. 

136?  East  Sixth  Street 
Cleveland  lU,  Ohio 

Professor  J.  W,  Beams 
Chairman,  Department  of  Physics 
unj-t/oroity  of  Virginia 
Charlottesville,  Virginia 


Organisation 

Institute  for  Air  Weapons  Research 

University  of  Chicago 

Museum  of  Science  and  Industry 

Chicago  37,  Illinois 

Attn:  Mr,  Paul  F,  Shanahan 

THRU:  Commanding  Officer 

Mid  Central  Air  Procurement 
District 

165  North  Canal  Street 
Chicago  15,  Illinois 

Stanford  Research  Institute 
Stanford,  California 
Attn:  .r,  T.  C,  Poulter 

THRU:  District  Chief 

San  Francisco  Ord.  Dist. 

.n.  0.  1829 
Oakland  lh,  Calif. 

Hesse -Eastern  Corp, 

22  Palmer  Street 
Harvard  Square 
Cambridge  38,  Mass. 

Attn:  Mr.  F.  C.  Hutchinson 

THRU:  District  Chief 

Boston  Ord.  Dist. 

Boston  Army  3ase 
Boston  10,  Mass, 

University  of  Utah 

Department  of  Physics,  Bldg-  2C6 

Salt  Lake  City,  Utah 

Attn:  Professor  Melvin  Cock 

THRU:  Chief  of  Naval  Research 
Department  of  the  Navy 
Washington  25,  D.  C. 

Attn:  Code  L25 
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No.  of  No.  of 

Copies  Organisation  Copies  Organization 

1 Professor  Walker  Bleakney  1 Professor  Walter  S.  Ko?ki 

Palmer  Physical  Laboratory  Department  of  Chemistry 

Princeton  University  The  Johns  Hopkins  University 

Princeton,  New  Jersey  Baltimore  18»  Maryland 


1 Professor  George  F.  Carrier 
Division  of  Applied  Science 
Harvard  University 
Cambridge  38,  Massachusetts 


1 Professor  Joseph  E.  Mayer 

Institute  for  Nuclear  Studies 
University  of  Chicago 
Chicago  37,  Illinois 


1 Professor  Francis  H.  Clmuser  2 Dr.  W.  H.  Prager 

Chairman,  Department  of  Aeronautics  Chairman,  Physical  Sciences  Council 
The  Johns  Hopkins  University  Brown  University 

Baltimore  18,  Maryland  Providence  12,  Rhode  Island 


2 Professor  Richard  C our ant 

Institute  far  Mathematical 
Sciences 

Hew  York  University 
New  York  3,  New  York 

1 Dr.  Harold  E.  Edgar ton 

Massach isette  Institute  of 
Technology 

Cambridge  39,  Massachusetta 

1 Professor  Howard  W.  Demons 

Harvard  University 
Cambridge  38,  Massachusetts 

1 Dr.  A.  W.  Hull 

Research  Laboratory 
General  Electric  Company 
Schenectady,  New  York 

1 Professor  John  G,  Kirkwood 

Department  of  Chemistry 
Yale  University 
Hew  Haven,  Connecticut 

1 Professor  Q.  B,  Kiatiakowsky 

Department  of  Chemistry 
Harvard  University 
Cambridge  36,  Massachusetts 


1 Professor  N.  F.  Ramsey,  Jr. 

Department  of  Physics 
Harvard  University 
Cambridge  38,  Massachusetts 

1 Dr.  L.  H.  Thomas 

Watson  Scientific  Computing 
Laboratory 

612  Ve3t  116th  Street 
New  York  27,  New  York 

1 Professor  John  von  Neumann 

The  Institute  of  Advanced  Study 
Princeton,  New  Jersey 
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The  references  are  to  pages 


Abel's  equation  of  state.  122 
Ammunition  (See  "Rounds"; 

Annealing  of  liners,  67,  89 

Barium  titanate  generators,  142.  1J?0.  l5l,‘  16? 

Birkhpff,  Q,,  5,  13,  19,  185,  186,  187,  189,  191,  201 
Blackington,  0*  W.,  4 

Blast  damage  from  HEAT  ammunition,  107,  106 
Boostering  (See  "Explosive  Charge") 

Breidenbach,  H.  I.,  15,  24 

Calhoun,  J.  J.,  4 
Chapman- Jouguet.  19,  121 
Church,  J.  H.,  4 
Clark,  J.  C.,  5,  13,  24 
Clark  and  Fleming,  177 
Clark  and  Seeley,  14 
Conant,  J.  B.,  5 
Corning  Glass  Co.,  5 

Cranz,  Law  cf  29,  (See  also  "Scaling  of  Shaped  Charges") 

Damage  beyond  target 

Liner  material  for,  108 
Davis,  C.  0.,  5 

Defense  against  shaped  charges,  7 (See  also  "Targets") 
Active  ve  passive,.  256 
Armor  for,  10,  31 
Doron,  262 
Explosive,  255,  256 
Formica  Fl-56,  262 
Glass,  11,  256,  260,  265 
Installation  of,  265,  266 
HCit  of,  11 

Spaced,  107,  199,  258,  259 
Spikes  as,  256 

Thickness  requirements  of,  11 
Titanium  as,  255 
Weight  of,  11 
Cutting  charges  fete*,  2 5<> 

Del  Carapo,  A.,  1 
Demolition  charges 
M2A3,  5 
M3,  5 

Density  laws,  10 

ozonation  (See  "Explosive  Charge") 

\jOiifX  c*cr  3 

Electric,  144 

:'£c search  in  v 3.69,  170 
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Effectiveness  of  shaped  charge,  269 

"Anti -ammunition"  evaluation,  279,  281,  282 
“Box'1  teat  for  evaluation  of,  27k 
Damage  defined 
"F*1  damage,  270 
"X"  damage,  270 
"I!"  damage,  270 
Historical  data  on,  270 

Ignition  of  fuel  and  ammunition,  269,  277,  278 

Idner  material  related  to,  283 

list  of  standard  assessments  for  evaluation,  272 

“Personnel  kill"  evaluation  for,  273 

Proving  Ground  firings  for  evaluation  of,  271,  27U 

“Residual"  penetration  for,  269,  281,  263 

"Tank  Kill"  defined,  269,  270 

Witness  plate  firings  for  evaluation  of,  279,  281,  282,  296 
BLchelberger,  R.,  10,  11,  15,  20,  23 
jfoerga  rifle  grenade,  (See  grenades) 

Rshbach,  Wilhelm,  U 
Evans,  W.  M.,  5 
Explosive 

"belt",  113,  Ilk,  127,  128 

Chapman- Jouguet  condition  in,  19,  121 

Charge 

rh.argo  to  maos  ratio,  22 
Chemical  energies  in,  19 
Explosive  charge 

Asymmetries  within,  119,  129,  132,  133,  13k,  201 
Cliaracteriatics  of.  Table  135 
Correlation  between,  12k,  125 
Densities  of  explosives,  12k,  13k 
Detonation  velocities  of  explosives,  12k,  13k 
Sensitivities  of  explosives,  12k 
Confinement  of,  20,  63,  86,  107,  109,  110,  113 

Confined  va  unconilned  charges,  80,  107,  113,  Ilk,  127 
detonation  of 

Chapman- Jouquet  condition  in,  121 
Conservation,  equations  of,  121 
Parameters  of  detonation  vs  performance,  13 U 

Pressures  in  the  detonation  process,  19,  122,  123,  12k,  127,  129,  133 
Process  of,  19,  119,  121 
Hankine-Hugoniot  relation  in  the,  120.  121 
Ke&cticn  20ns  in  the,  19,  119 
State,  Equations  of 
Abel,  122 
Jonsa,  122 

Leonard  - Jones  - Devonshire,  122 
Wilson  - Kistiakoweky,  122 
Temperatures  in,  19 
Theory  of  the,  119 
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Explosive  Charge  (Continued) 
i-'otouation  of  (Continued) 

Tilt  of  detonation  front.  133 
Velocity  of  122,  123,  12Uy  13U 
Pin  technique  for  obtaining,  22 
Explosive  “Compensated"  charges,  99 
Geometry  of 

Cylindrical  vs  tapered  chargee,  107 

Diameter  of  charge/diameter  of  liner  ratio,  85,  86,  113,  127,  128 
Length  of  charge,  107,  113,  126,  127,  128,  129 
Length  of  charge/diameter  of  charge  ratio,  127,  129 
Length  of  charge  related  to  hole  volume,  107 
Tapered  charge,  lf>6,  107 
Initiation  of 

Boostoring  hei{$it,  effect  of,  112 
Eccentric,  113 
Types  of  initiation 

Peripheral,  19,  128,  129 
Plane,  128,  129 
Point,  113,  128,  129,  13k 
Materials  for,  123,  12U 

Alundnlsed  explosives,  127 
Aumoniura  perchlorate  compounds,  127 
UTNEN/WAI  90/10,  12U 
BTNEU/WAI  90/10,  12U 
Composition  A,  12U,  135 
Composition  B,  13U,  135 
Composition  C,  12U,  126 
Cyclotol,  60/l»0  12U,  126 
Cyclotol  70/30,  12U,  135 
Cyclotol  75/25,  12U,  135 
Ednatol  50/50,  12 U,  126 
HBX-1,  12U,  135 
HMX,  130 

Nitroglycerine,  132 
Nitromethane,  132 
Octol,  13U 

Octol  75/25,  12U,  135 
Octol  ??/23,  12U,  135 
Pentolita  50/50,  121*,  126,  128,  135 
Pentolite  25/75,  12U,  126 
PTX-2,  121;,  135 
HDX,  130,  13U 
Tetratol  65/35,  12U,  126 
Tetratol  70/30,  12U,  135 
TNT,  12li,  126,  135 
Torpex  50/36.5/13.5,  12l*,  126 
Multiple  shock  reflections  in,  20 

Parameter  of  explosive  charge  related  to  hole  volume,  125,  126,  12?,  129 
Preparation  of,  107,  129 
Casting,  129,  130,  132 
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Explosive  Charge  (Continued) 

Preparation  of  (Continued) 

Centrifuging  casting,  131 
Fundamental  procedure  in,  130 
Machining  from  larger  casting,  131 
‘vacuum  melting,  131,  132 
Vibration  of  casting,  131 
Goals  in 

Axial  Symmetry,  12?,  130 
Maximum  density,  129*  130,  132 
Uniformity  of  eiylosives,  12?,  132,  13b 
liquid,  132 

Pressing,  12?,  130,  132,  13U 
"Release  Wave"  concept  in,  20,  2h 
Shape  of,  107 

Unlined  cavity  explosive  charge,  2,  3 
Penetration  vs  standoff  for,  2 
Ways  shaping,  1?,  11? 

Fireman,  E.  L.,  10,  31 
Flintkote , 11 
Flash  radiography  of 
Collapsing  liners,  13 
Glass  sf foots  on  jets,  11,  261 
Jet  pictures  front 

Cylindrical  liners,  20U 
Fluted  liners,  220,  221 
Rotated  liners,  177,  178,  179,  180,  181 
Trumpet  shaped  liners,  202,  203 
Three  tube  system  for  177 
Fragmentation  damage  from  HEAT,  107,  108 
french  73mm  HEAT  ammunition,  107,  108 
Fuchs,  K.,  27 
Fuses 

Arming  systems  for,  1U2,  lUU 

Acceleration  devices  in,  1U3,  lUa 
Electrical  systems  for,  l|tl,  lh2 
"Grass*  action  in,  U4I4,  150,  153,  155,  156,  157 
Hermetic  sealing  of,  luU 
High  velocity  projectiles,  13?,  1U1,  1U2 
Long  standoff  type,  16? 

Low  velocity  projectile,  139,  Ili2 
-LuokyMha,  1L5,  150 
Mechanical,  U4I,  157 
Proximity.  139 

Safety  elements  in,  139,  lhh,  3i±5»  170,  171,  175 
-pltback  type,  113 1 1U1 

Tim*'  requirements  for  functioning  of,  139*  1H1 
Types  of 

"One  piece",  168 
Model  L5MK1,  171,  173 
Model  L9MK2,  173.,  i?U 
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Fuzes  (Sont5.mied) 

Type 3 of  (Continued) 

MliOU,  157 

T208,  lid,  11*5,  ll*6,  11*7,  H*8,  150,  152 

T2G8E7,  11*5,  11*8 

T221*,  H*2,  161,  162,  163,  161* 

Tioiu,  li*2,  161,  166 
T2028,  11*2 

T2030,  11*2,  158,  15?,  160,  165 

Gray,  J.  C.,  1* 

Grenades 

Energa  rifle.  171,  172,  280.  281 
Fusing  for,  1?1,  173,  17b,  175 
Hand  and  rlfla,  169 
T37,  168 

Oulf  Research  Laboratories,  6 

HCR,  11 
HEAT,  1 

Halna-Geldern  R,  11 
Halle 1 s Law,  3i* 

Hill,  F.  I.,  269 
Hill  - Mott  - Pack 

Penetration  equation,  30 
Theory  of  Jet  penetration,  9,  11,  256 
Hole  volume 

In  target,  3U,  1*5,  10l*,  113,  111*,  1 29 
Related  to  charge  parameters,  125,  126,  127,  129 
Vs  charge  length,  107 

Jets 

Area  cross-section  of,  7,  79,  185 
Bifurcation  of,  31*  (See  also  '’Rotation") 

Break-up  of  27.  29,  37,  U 9,  99,  190,  193  (See  also  "Rotation") 
Density  of  7,  8,  31,  32,  3U,  1*9,  50,  108,  185 
Diameter  of,  5 

Ductile  drawing  of,  9,  27,  29,  32,  108 
Glass  Effects  on  Jets, 11 

Length  of,  8,  21,  96,  97,  99,  100,  108,  185,  195 
Hass  distribution  of,  23,  27 
Maaa  ratio  slug/jet,  20,  22,  26 
Momenturas  of,  8,  31* 

Obstructions  in  Jet  axis,  85 

Penetration  vs.  jot  length,  30,  1*9,  100,  185 

Rotation  effects  upon  Jets  (See  Rotation) 

Slug  to  jet  maos  ratio,  20,  22,  26 
Stability  of  jet  vs.  liner  thickness,  193 
Stresses  and  strains  'within,  99,  i$0 

(W.  • A 

i.-yai'iuo 

■'First  order* theory  of  formation,  22,  23 
Hydrodynamic*!  theory/-,  13,  20,  25,  2o 
"Zoro  Order"  theory  of  formation,  20 
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Jets  (Continued) 

Ultra,  fast  jets,  2? 

Velocity  gradient  within,  5*  8,  2 3,  27,  31,  >2,  49,  94,  95,  96,  97> 

98,  99,  100,  190 

Velocity  of  jets  irw  cylindrical  liners,  lU 
Velocity  of  Jet  vs  liner  apex  angle,  89,  91,  93,  257 
Velocity  of  jet  vs,  liner  thicknasa,  89,  90,  92 
Velocity  of  Jet  tail,  99 

Velocity  of  Jet  under  peripheral  initiation,  32 
Veloeity  of  Jet  vs  velocity  of  penetration,  7,  8 
Velocity  of  penetration  of,  7,  30 
Velocity  ratio  slug/jet,  20,  22 

Jones1  equation  of  state,  122 
Jones,  H*,  122 
Janes,  V.  N.,  5 

Kanders,  Brich,  U 
Carr  call  photography,  177 
Kessenrich,  0.  J*,  4 
Kistiakoweky,  0*  B.,  5,  6 

Lawson,  W„  £,,12 

Leonard  - Jones  - Devonshire  equations  of  state,  122 
Liners 

Alignment  of  linfr  in  char^re,  1 12 
Apex 
ingle 

Apex  angle  vs  penetration,  60,  62,  2J>7  (See  also  “rotation”) 
A?ex  angle  in  projectiles,  109 
Initial  Jet  velocity  vs  apex  angle,  89,  91,  93 
Configuration  of,  1*6 
Sharp  apex  vs  «pith*ck.  111 
Assembly?  Liner  to  body 
Cenenting,  111,  112 
Crisping,  111 
Locking  groove,  HI,  112 
Ring,  ill,  112 
Axial  aywaetry  of,  58 
Collapse 

Angle  of,  14,  15,  20 
Process  of,  20,  119 
Profile  of,  23 
Velocity,  20,  22 
Configuration 

Conical,  20,  46,  106 

Cylindrical,  14,  83,  204*  205  , 206 

Double  Angle,  46,  83,  IDo,  109 

Fluted,  20,  S 4,  177  (3ee  also  "Spin  Compensation*) 

HetaLspheiical,  45,  46,  82,  83,  109,  177 
ficn-c  aoical,  34 
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liners  (Continued) 

Configuration  (Continued) 

Spherical  capped,  45,  62 

“Spiral*4  fluted  liners,  35  . 

Trumpet,  45,  46,  1 09,  177  (See  also  “Rotation"  and  "Spin  Compensation") 
“Wavy'1  fluted  liners,  35 

Design  parameters  fcr,  62,  10U,  107,  109,110  (See  also  “Spin  Compensation") 

Diameter  of 
Defined,  U6 

Penetrations  requiring  specific  diameter,  104 
langes  in,  85 , 86,  113 
Fluted  (See  "Spin  Compensation") 

Geometrical  accuracies  in,  49 
Manufacturing  methods 
Casting,  47 
Drawing,  47 

Electroforming,  47,  63,  78 
Machining,  47 
Shear-forming,  247 
Spinning,  46,  47 
Materials,  9,  29,  108,  199,  201 

Aluminum,  9,  50,  63,  66,  67,  70,  71,  72,  73,  92,  93,  95,  108,  242,  263 
Berylliuri  copper,  89 
Bimetallic,  79,  108 
Brass,  3 

Copper,  9,  27,  50,  63,  64,  65,  70,  71,  72,  73,  74,  84,  87,  89,  92, 

93,  95,  108,  199,  200 
Copper  clad,  79,  108 
Glass,  49,  50 
Iron,  29 

Lead,  50,  63,  69,  95 
Paraffined  paper,  3 

Steel,  3,  9,  27,  29,  50,  62,  63,  70,  71,  72,  73,  84,  85,  86,  87,  89 
9°,  93,  108,  128,  129,  242,  283 
Zamac-5,  47,  63 
Zinc,  3,  50,  63,  68 
Metallurgy  of,  49,  87,  89,  200,  247 
Annealing,  47,  87,  89 

Crystalline  structure  of  liner  material,  29,  49 
Ductility  of  liner  material,  108 
Melting  point  of  liner  material,  108 
Non-Alignment,  of  liner  in  charge,  112,  113 
Tilted  liner,  112 
Offset  liner.  112 

Obstructions  within  cavities  of,  85 
Per  forma nee 

Measures  of  performance,  45,  104,  107,  108 
Penetration,  2 
Snitback  tubes  in,  87 

Attaching  spitback  to  liner,  111 

Dimensions  for.  111 

Sharp  ap&x  vs  spitbaclc,  ill 
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Liners  (Continued) 

Tapered  walls  of,  83,  8U,  85,  109 
Thickness  (See  also  "Spin  Compensation**) 

Apex  angle  as  related  to  thickness,  61,  62,  10? 

Confinement  as  related  to  thickness,  109,  HO 
Geometrical  non-uniformities,  51 

Initial  jet  velocity  as  related  to  thickness,  89,  90,  92 
Jet  stability  as  related  to  thickness,  193 
“Optimum*  wall  thickness,  109 

Penetration  under  rotation,  as  related  to  thickness,  197*  199 
Variations  in  thickness,  3,  57,  109 
Wavinesa  in  liner  wall,  1*9,  57 
Tolerances  in  dimensions  for,  58,  62,  109 
Walls  (See  also  "Configuration*  under  "liners") 

Grooves  in,  51,  57 
Non-uniform,  51 
Tapered,  83,  8U,  85,  1C9 

Thickness  of  (See  "Thickness"  under  "Liners") 

Warping  of,  51 
Waviness  in.  1*9,  57 
Wedge-type,  27 

Critical  angle  for  jetless  impact,  27 

Lucky  Fuse  (See  "fuses") 

Her! spherical  lucky,  160 


KoDougall,  0.  P.  5,  6,  7,  8,  10,  11 
Mlsznay-Sohardln  effect,  1* 

Mofaaupt,  Borthold,  1* 

Mohaupt,  Henry,  1* 

Munroe,  C.  £.,  3 
Hurray,  20 
MuAkat,  Jfarria,  6 

Obstructions  within  liner  cavity  (See  "Liners") 

Ogive  (See  also  "standoff") 

Geometry  of.  111*,  115 
Thickness  of,  168 
Overmatching  the  target,  108 

Patents  on  3hapcd  charges,  3,  U 
Pauling,  Iinus,  215 
Ponotratioss  (Ssc  also  "Targets") 

Armor  penetrations,  1*5 

Caliber  of  Hound  vs  Penetration,,  105 

Cylindrical  liners,  205 

Estimates  of,  lOi* 

Explosive  parameter  related  to  penetration,  123 

Charge  Asymmetries  related  to  p^natra. .'.on,  132,  133 

Charge  height  related  to  penetration,  107,  113,  126,  127,  123,  12;“' 

Density  of  explosive  related  to  penetration,  133 

D-tonation  pressure  re  Is.  tod  to  penetration,  123 

/>mnn+.  laboratories,  123,  12i*,  125 
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Penetrations  (Continued) 

Explosive  Parameters  Related  to  Penetration  (Cent) 

Naval  Ordnance  Laboratory.  125 
Peripheral  initiation  related  to  penetration,  32 
Various  explosives  as  related  to  penetration,  123,  124 
Wave  .shaping  related  to  penetration,  119.  129 
Flange  effects  on  penetration,  85,  86,  87,  113 ? HU,  128 
Fluted  liner  penetrations  22?,  225,  229  (3«e  “Iso  “Spin  Compensation") 
Liner  design  as  related  to  penetration 
' Apex  angle;  60,  -62,  63,  76,  81,  95,  309,  111,  194,  196 
Apex  angle  vs  standoff 

Aluminum  liners,  63,  70,  ?1,  72,  73 
Copper  liners,  63,  70,  71,  72,  73,  7U,  8 4 
Steel  liners,  63,  70,  71,  72,  73,  84 
Optimum  apex  angle  for  penetration.  111,  196 
Optimum  standoff  for  various  apex  angles,  62 
Sharp  apex  vs  spitback,  111 
Spitback  tube,  87 

Thickness  of  wall  as  effected  by  apex  angle,  61.,  62,  109 
Asymmetries  as  effecting  penetration,  51,  57 
Diameter  of  liner,  effects  on,  204,  105 
Flange  effects,  85i  86,  07,  113,  114,  128 
Material  50,  62,  108 

Aluminum,  9,  63,  70,  71,  72,  73 
Hemispherical,  82 
Bimetallic  liners,  79 
Brass  hemispherical,  82 
Cadmium  hemispherical,  82 
Copper  liners 

Drawn,  9,- 63,  70,  71.  72,  73,  74,  84 
Electro formed,  63,  78 
Hemispherical,  82 
Spherical  capped,  82 
Copper  clad,.  79 

Steel,  62,  63,  70,  71,  72,  73,  84 
Here! spherical,  82 
Spherical  capped,  82 

Wall  thickness,  63,  75,  78,  79,  8o,  109,  197,  199 
Tapered  wall  liners,  64,  85,  109 
Thickness  as  a function  of  apex  angle,  61,  62,  109 
Variations  in  wall  thickness,  57 
Proce**  of,  256,  25? 

Rate  of  penetration,  30,  31 
Rotation  vs  Penetration 

L'ffects  upon  penetration,  186,  190,  191  (See  also  "Rotation") 

57mm  and  105mm  penetration  compared,  191,  192,  193 
Liner  material,  effects  on  penetration  under  rotation  (See 

"Rotation") 

Round  “ Penetration  PerfoiTmancu 

57mn,  216,  217,  223,  232,  233,  234,  235 
73mm,  83 
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Ponotrations  (Continued) 

Rounds  - Penetration  Performance  (Continued) 

75mm,  105 
90m,  105 

105nm,  105,  216,  217,  223,  232,  233,  23b,  235 
120m,  105 

Scaling  penetrations  for  different  calibers,  193 
Standoff  as  effecting  penetration 
Optima  standoff  va  apex  angle,  62 
Penetration  ts  standoff,  8,  32,  3b,  62,  63,  6 b,  65 
Target  Density  related  to  Pens.,  7,  10, 

Theory 

"First  Order"  Theory  of  penetration,  31 
Hill  - Mott  - Pack,  Equation  for  penetration,  30 
"Residual"  penetration,  10,  32,  10b,  256,  257 
Theory  of  jet  penetration,  9,  U9»  186 
"Zero"  order  theory  of  penetration,  30 
Truapets,  177,  200,  201 
Peripheral  initiation,  19,  201 
Pieao-electric  effect,  ll»2 
Projectile  (See  "Warhead"  and  "Rounds") 

Putfi,  E.  M.,  1,  22,  23,  27,  31,  256 

Radiographs  (See  "Flash  Radiography") 

Rankins -Hugoniot,  120,  121 

Rayleigh,  36 

Release  wars  theory,  20,  2k 

Applied  to  flange  effects,  86,  87 
Applied  to  liner  collapse,  119 
Applied  for  qualitative  predictions,  129 
Residual  penetration  theory,  32,  10b,  256,  257 
Roberts,  C.  H.  M.  5,  6,  lb 
Rostoker,  N.,  15,  20,  23 
Rotation 

Effects  upon: 

Jet,  3b,  177,  183,  217  (See  also  "Spin  Compensa felon") 
Bifurcation  of  Jet,  183 
Deterioration  of  jet,  177,  178,  179,  180,  181 
Penetration 

Liner  apex  angle  effects  on  penetration,  109,  19b,  196 
Larger  apex  angles,  196 
Smaller  apex  angles,  196 
Theory  of,  19b 

Liner  water? ai  effects  on  penetration,  199 
Tiner  okr.ess  tt****--  0*  penetration,  197*  199 
Penetrations  compared  57ma,  3*5",  105ms,  193.,  192,  193 
Standoff  effects  on  penetration,  3b,  107,  196,  199 
Historical  notes  on  rotation,  177 

Reducing  effects  of  rotation  (See  also  "spin  compensation") 
Built-in  spin  compensation  in  liner*  2it7,  2b8 
Cylindrical  liners,  20b,  205,  206 
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Rotation  (Continued) 

Reducing  Effects  of  Rotation  (Continued) 

Double-body  projectiles,  21$,  249*  250 
Fin  stabilisation,  215,  250 
Fluted  explosives,  24? 

Fluted  linors,  177 
Hemispherical  liners,  177 
Lawn  mowers,  247 

Peripheral  jet  engines,  215,  249 
Spiral  detonation  guides,  24? 

Spiral  staircase,  247 
Trumpet  liners,  1?7,  200,  201,  202,  203 
Rotation  with  wire  driven  rotator,  177 

Scaling  relationships  under  rotation,  29,  187,  188,  189,  191,  192,  193 
Theory  of  effects  of  rotation,  182,  183,  184,  185 ' 

Rounds 

57mm  (See  also  ‘'Rotation” ) 

Liner,  dimensional  tolerances,  58 
Penetrations  w/fluted  liners,  216,  217,  223,  249 
75mm 

Penetrations  w/fluted  liners,  247 
90mm,  T108,  57 

Fuzing  for,  145,  150,  152,  161 
Linar  dimensional  tolerances,  58 
l)05nm  (See  also  ^rotation") 

Fuzing  for  T184,  161 
liner  dimensional  tolerances,  58 
Penetration  with  fluted  liners,  216,  217,  223,  249 
Round  performance  in  tank  vulnerability 
Grenada  energr,  280 
Panzer faust,  270 
2.36*  HEAT  round,  277,  278 
75wm  HEAT  M310A1,  274,  287 
75mm  HEAT  M66,  284 
8 cm  AR,  283 
2,75"  STAR  274,  283 

3.5*  Rocket,  M28,  27,  274,  275,  277,  278,  281,  283,  287,  2 95 
90mm  AP  T33,  279 

90mm  T108,  271,  274,  278,  283,  288,  292,  294 

95mm  OF,  HEAT,  282 

105mm  M67,  274,  269 

lC5«m  DAT,  292 

6.5”  ATAR,  274,  288,  294 

SAQEB  Society,  4 

Scalar*"  laws  for  shaped  charges,  5 
Law  of  Cranz,  29 
Linear  relation  of,  46 

Rotational  offsets  upon,  187,  188,  189,  191,  192,  193,  196,  222 
Schultze,  M.  A,,  3 
Soagor,  12 
Seitz,  Frederick,  6 
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Shofiold,  A.,  185,  186 
Simon,  J . , 11 
Skinner,  L.  A,,  1* 

Slack  & Ihrke,  5 
Slug 

Formation  of,  20 
Length  of,  22 

Slug  to  jet  mass  ratio,  20,  22,  26 
Slug  to  jet  velocity  ratio,  20,  22 
Smith,  Turner  L.,  6.  8 
Spin  Compensation  3u  (See  also  "Rotation") 

Achievement  of 

"Built-in"  spin  compensation,  1*9,  21*7,  21*8 
Fluted  explosives,  2l*7 
Fluted  liners,  3U,  207,  216,  21*7 
Linear  flutes,  238 
Spiral  flutes,  35,  221,  2l*2 
"Wavy"  flutes,  35 
Non-conical  liners,  3U 
"0ffsets",3U 

Spiral  detonation  guides,  21*7 
( "Lawnmowers" ) 

("Spiral  staircases") 

Caliber  vs  spin  compensation,  222,  221* 

Fluted  liners,  3li,  207,  216,  21*7 

Design  parameters  for,  221*,  225,  226,  227,  230,  231,  232,  237,  238,  239 
Flute  depths,  237,  238,  239,  21*2 
Flute  types,  221*,  225 
Indexing  of  flutes,  232,  239,  21*1 
Number  of  flutes,  231 

Tolerance  requirements  in  liner  dimensions,  21*2,  21*3 
Wall  thickness  requirements,  231,  236,  236,  739,  21*0,  21*2 
Future  prospects  far,  21*8,  250 
Manufacturing  methods  for,  2l*3,  21*1*,  21*5,  21*6 
Materials  used  in 
Aluminum,  21*2 
Steel,  21*2 

Mechanism  ol,  217,  218,  221 

"Thick-thin"  effect,  218,  219,  221,  21*2 
"Transport"  effect,  218,  221,  2l*2 
Penetrations  obtainable  with,  227,  228,  229,  233,  23U,  235 
Scaling  relations  with,  2 22,  232.  2V? 

Static-fired,  221 
Trumpet  shaped,  2i*2 
Typea  of  flutes,  22> 

Historical  background  on,  215,  216 
Spin  rates  requiring,  2l5 
'•’sry  hi  gh  spin  rates,  221* 

Spin  rates  of  modern  HEAT  ammunition,  215 
Standoff,  2 

*■  >r  rtf  up  «)| 

" ~m/ O ' “ 

Fuses  for  long  standoff,  16? 

■.-rives  as  standoff  107  llli,  1.68 
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Standoff  (Continued) 

"Optimum1*  standoff,  U9,  107,  199 

Penetration  va  standoff,  31,  32  (See  "Rotation^) 
Projectile  standoff,  107 
Spaced  Armor  vs  107 
Stein,  Otto,  6 
Stein,  P.,  27 

Tank  vulnerability  to  shaped  charge 
JS  m,  292,  293.  295 
JSO  152,  295 
M26,  295 
SU  100,  295 
T3U/85,  29U,  295 
Target 

Array  of,  U5 

laminated,  32,  259 
Non-homogeneous,  32 
Spaced,  32,  107,  199,  258,  259 
Cylindrical  liner  jet  into  target,  206,  SO? 

Density,  10,  256,  259 
"Density  Law,"  C'56,  257 
Do.isity  vs  target  strength,  10 
Penetration  vs  target  density,  31 
Hole  volurao  in,  3U,  U5,  10lt,  107.  126.  tti,  129 
Materials 

Aluminum  11,  257,  259,  265 
Dor on,  262 
Formica,  FF-55,  262 

Glass,  11,  255,-260,  261,  262,  263;  Pfc 
laminated  glass,  260 
Lead,  10 

Mild  steel  vs  armor,  10,  31.  U5 
Titanium,  <55 

Strength  (See  also  "target  dencrity"), 

liner  apex  angle  vs  target  atraagW:  2* «' 

Thickness  and  veJ  ght  of,  11,  2$'?.  2&i 
Taylor -Birkh o if  Theory,  lit 
Taylor,  OeoffTey,  lit,  36 
Thibodeau,  W.  E.,  k 

"Thick-thin*  effect,  218,  219,  221.,  2 h2 
Thcmas,  L.  4.,  218 

"TJranspcrt"  offset.  218.  221,  2lt2 
Tujk,  183,  19U 

Ubbelohde,  A.  R-,  5 


